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ABSTRACT
QUATERNARY STRUCTURE OF CHEMORECEPTORS IN ACTIVE
SIGNALING COMPLEXES DIFFERS FROM CRYSTAL STRUCTURE OF
ISOLATED FRAGMENTS: EVIDENCE FROM SOLID-STATE NMR
May 2010
DANIEL J. FOWLER, B.A., COLGATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Lynmarie K. Thompson
The receptor dimers that mediate bacterial chemotaxis form high-order signaling
complexes with CheW and the kinase CheA. From the packing arrangement in two
crystal structures of different receptor cytoplasmic fragments, two different models have
been proposed for receptor signaling arrays: the trimers-of-dimers and hedgerow models.
We identified an interdimer distance that differs substantially in the two models, labeled
the atoms defining this distance through isotopic enrichment, and measured it with
19

13

C-

F REDOR. This was done in two types of receptor samples: first, isolated bacterial

membranes containing overexpressed, intact receptor, and second, soluble receptor
fragments reconstituted into kinase-active signaling complexes. In both cases, the
distance found was not compatible with the receptor dimer!dimer contacts observed in
the trimers-of-dimers or in the hedgerow models. Comparisons of simulated and observed
REDOR dephasing were used to deduce a closest-approach distance at this interface,
which provides a constraint for the possible arrangements of kinase-competent receptor
assemblies. An alternate model of receptor signaling is proposed, which reconciles this
result with existing structural and biochemical data.

vi

Additionally, two advances to solid-state NMR methodology are described. The
first is a set of strategies to protect protein samples against degradation by solid-state
NMR analysis. Biochemical and spectroscopic techniques are prescribed to identify and
isolate specific challenges to protein stability, allowing them to be addressed
individually. For this purpose a new pulse sequence (Thermal Calibration Under
Pulseload, or TCUP) is employed, which allows sample temperature to be measured with
exceptional time resolution. The second NMR advance describes the creation and
characterization of a

13

C-19F REDOR distance-calibration standard. The inclusion

compound of 4-fluorotoluene and tert-butylcalix[4]arene was used for this purpose. The
compound is easily synthesized from commercially available materials, and provides a
long, isolated
observation of
13

13

C-19F distance of 4.1 Å. Dynamics within the compound allow direct

19

F resonances without 1H-decoupling, and provide exceptionally sharp

C resonances; these characteristics speed the routine setup of REDOR experiments.

Both methodological developments were important to performing accurate distance
measurements on functionally relevant chemotaxis signaling complexes; they also pave
the way for making similar measurements in other proteins of interest.
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TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ...................................................................................................v!
ABSTRACT .......................................................................................................................vi!
LIST OF TABLES..............................................................................................................xi!
LIST OF FIGURES .......................................................................................................... xii!
CHAPTER
1. INTRODUCTION ...........................................................................................................1!
1.1 Transmembrane signaling in chemotaxis ..........................................................1!
1.2 Development of solid-state NMR methodologies .............................................4!
1.3 References..........................................................................................................7!
2. ACTIVE SIGNALING COMPLEXES OF BACTERIAL CHEMORECEPTORS DO
NOT CONTAIN PROPOSED RECEPTOR-RECEPTOR CONTACTS OBSERVED IN
CRYSTAL STRUCTURES.................................................................................................9!
2.1 Introduction........................................................................................................9!
2.2 Materials And Methods ...................................................................................13!
2.2.1 Plasmids and strains..........................................................................13!
2.2.2 Protein expression and purification. .................................................14!
2.2.3 Fluorine incorporation. .....................................................................16!
2.2.4 Kinase assays. ...................................................................................17!
2.2.4 Model construction. ..........................................................................19!
2.2.5 REDOR NMR and analysis. .............................................................19!
2.3 Results..............................................................................................................22!
2.3.1 REDOR distance measurements can distinguish between two
models proposed for receptor arrays..............................................22!
2.3.2 REDOR of overexpressed intact, membrane-bound Ser
receptors measures a predicted long distance. ...............................23!
2.3.3 Kinase assays identify conditions for NMR of active
assemblies. .....................................................................................24!
2.3.3.1 PEG/trehalose mixtures suitable for NMR also
promote complex assembly. ..............................................25!
2.3.3.2 Receptor-saturating concentrations of binding
partners identified. .............................................................26!

viii

2.3.3.3 NMR labeling is minimally perturbing..............................28!
2.3.4 REDOR demonstrates receptor packing in active arrays
differs from both crystals...............................................................28!
2.4 Discussion........................................................................................................33!
2.5 Supporting information....................................................................................39!
2.6 References........................................................................................................40!
3. TARGETED STRATEGIES FOR PREVENTING DENATURATION OF PROTEIN
SAMPLES BY SOLID-STATE NMR ANALYSIS .........................................................44!
3.1 Introduction......................................................................................................44!
3.2 Templated chemotaxis signaling complex is an NMR-sensitive
enzyme complex. .......................................................................................46!
3.3 Biochemical assays identify cryoprotectants for slow freezing. .....................47!
3.4 Selection of Sm2Sn2O7 as a non-perturbing shift thermometer. ....................49!
3.5 MAS-induced heating is minimal at slow spinning speeds. ............................50!
3.6 RF-induced heating is cumulative rather than instantaneous. .........................58!
3.7 Combined biochemical assay and heating study correctly identify
robust conditions for SS-NMR. .................................................................61!
3.2 References........................................................................................................62!
4. DESIGN AND CHARACTERIZATION OF A CALIXARENE INCLUSION
COMPOUND FOR CALIBRATION OF LONG-RANGE CARBON-FLUORINE
DISTANCE MEASUREMENTS BY SOLID-STATE NMR...........................................64!
4.1 Results and Discussion ....................................................................................64!
4.2 Supporting Information ...................................................................................72!
4.2.1 Compound preparation .....................................................................72!
4.2.2 Xray crystallography ........................................................................73!
4.2.3 NMR .................................................................................................73!
4.2.4 19F CSA and dynamics..........................................................75!
4.2.5 REDOR data .........................................................................77!
4.3 References........................................................................................................79!
5. CONCLUSION..............................................................................................................82!
5.1 Bacterial Chemotaxis.......................................................................................82!
5.1.1 Evidence for existing models............................................................83!
5.1.2 The new model and its consistency with existing evidence .............90!
5.1.3 Future tests of the model.................................................................101!
5.2 NMR methods development ..........................................................................105!

ix

5.2.1 Preservation of protein samples during solid-state NMR...............105!
5.2.2 13C-19F REDOR calibration compound ..........................................107!
5.4 References......................................................................................................109!
APPENDICES
A. CLARIFICATION OF ASPARTATE RECEPTOR FRAGMENT
QUANTITATION ...........................................................................................................111!
B. DESCRIPTION OF ADDITIONAL FILES ...............................................................113!
BIBLIOGRAPHY............................................................................................................114!

x

LIST OF TABLES
Table

Page

2.1. REDOR data for labeled minus unlabeled spectra of Asp receptor
cytoplasmic fragments in kinase active complexes with CheA and
CheW. ..................................................................................................... 39!

xi

LIST OF FIGURES
Figure

Page

2.1. The chemotaxis signaling system. ..................................................................... 10!
2.2. Different arrangements are proposed for receptor-receptor packing in
signaling complexes................................................................................ 12!
2.3. Conditions for maximal formation of kinase-active signaling complexes. ....... 27!
2.4. Predicted and observed REDOR dephasing. ..................................................... 29!
2.5. ATPase activity of CF/CheW/CheA signaling complexes............................... 30!
2.6. Closest approach limits of a second dimer. ....................................................... 32!
2.7. Selected spectra of Asp receptor cytoplasmic fragment in kinase-active
complexes with CheA and CheW........................................................... 40!
3.1. Activity retention following slow freezing: effect of cryoprotectants............... 48!
3.2. Activity retention following slow freezing: effect of buffering agent............... 48!
3.3. Temperature setpoint (“nominal”) versus actual sample temperature
(“calculated”). ......................................................................................... 51!
3.4. Modified REDOR sequence for measuring sample temperature under RF
load: TCUP-REDOR. ............................................................................. 53!
3.5. Heating of sample in different buffers, under different RF loads...................... 55!
3.6. Matter-phase dependence of RF induced heating............................................. 56!
3.7. Instantaneous heating of sample under pulse load. ........................................... 60!
4.1. The REDOR pulse sequence. ............................................................................ 64!
4.2. The host-guest inclusion compound. ................................................................. 66!
4.3. REDOR data for the useful 13C atom. ............................................................... 69!
4.4. Percent dephasing of the host methyl peak as a function of the 19F pulse
duration. .................................................................................................. 71!
4.5. Slow-speed spinning 19F spectrum of the inclusion compound......................... 74!

xii

4.6. Cross-polarized 13C spectrum of the inclusion compound. ............................... 75!
4.7. Guest methyl-position REDOR. ........................................................................ 78!
4.8. Host hydroxide-bound carbon REDOR............................................................. 79!
5.1. The trimer-of-dimers structure as seen in the structure 1QU7. ......................... 84!
5.2. Electron micrograph of chemotaxis signalling array viewed from a
direction perpendicular to the bilayer normal......................................... 85!
5.3. Electron micrograph of chemotaxis signaling array viewed from along the
bilayer normal......................................................................................... 85!
5.4. Symmetrized CheA/CheW dimer. ..................................................................... 88!
5.5. Symmetrized CheA/CheW dimer with two receptor fragments inserted in
the cleft between CheWs. ....................................................................... 88!
5.6. Three CheA/CheW dimers around a receptor trimer-of-dimers........................ 90!
5.7. Proposed structure for the kinase-off state of the signaling complex................ 92!
5.8. Proposed structure for the kinase-on state of the signaling complex. .............. 92!
5.9. A section of the extended signaling array.......................................................... 95!
5.10. Schematic of packing interactions in the extended signaling array................. 95!
5.11. Slice through the proposed packing array, immediately above CheACheW baseplate. ..................................................................................... 97!
5.12. Sliced through the proposed packing array, taken further from the CheACheW baseplate. ..................................................................................... 97!
5.13. Electron micrograph of PEG-promoted assemblies of CheA, CheW, and
receptor cytoplasmic fragment. ............................................................ 101!
6.1. Protein pelleting as a function of PEG concentration...................................... 112!

xiii

CHAPTER 1
INTRODUCTION

1.1 Transmembrane signaling in chemotaxis
Signaling by transmembrane receptor proteins is a universal phenomonen in
biology, its necessity dictated by the cellular organization of life. Lipid membranes define
and organize cellular boundaries. Of necessity, though, this isolates the cell from its
environment, limiting information flow into its interior.

For this reason cells have

evolved transmembrane receptors that sense and transmit chemical information across
cell walls, without the actual exchange of matter.
The species sensed by such receptors span the range from metal ions to large
proteins, and the processes that are controlled by them span the whole of biological
functions.

This includes many of direct and immediate consequence; a detailed

understanding of the mechanisms involved may contribute solutions to some of moder
man's greatest challenges. Defects in transmembrane signaling lie behind many, many
human diseases, including forms of vascular disease,1 immune disease,2 and a host of
cancers.3-5 Transmembrane ethylene receptors in our crops regulate fruit maturation,
offering the possibility of greater control over our food sources with increased
understanding.6 And in bacteria, transmembrane receptors have been identified that are
associated with virulence, making them possible targets for new antibiotics.7
This last class of transmembrane signaling receptors—the bacterial chemotaxis
proteins—is of unique interest because they are at a particularly advanced level of study.
The biochemical role of the receptors is well established, and other proteins with which
they interact identified.

All of the individual components have been purified and

1

reconstituted in vitro, yielding active complexes that can be studied with established
biochemical protocols. This makes the system ripe for detailed structural characterization,
and all the mechanistic insights (and thus potential applications) that may stem from
such.

In fact, high-resolution structures have been solved (in isolation) for several

fragments of the receptor, and for the other proteins it binds. What is principally lacking
from the understanding of this system is knowledge of how the proteins come together to
form larger signaling complexes.
This is partly because of the difficulty of structurally characterizing
transmembrane proteins. It has been shown, using non-structural techniques, that many
receptors come together to form larger complexes. Chemotaxis receptors in the cell
cluster tightly together, typically at the cell poles; this has been shown both by
fluorescence8 and electron microscopy.9 Biochemical assays measuring ligand efficacy
have shown they must be functionally coupled as well, since they display cooperativity.10
However, current high-resolution structural techniques struggle to function in a lipidcontaining environment. Therefore most efforts to focus on the detailed arrangement of
the proteins in these signaling complexes have focused on small, manageable parts, with
the membrane absent. The highest-resolution information currently available that is
relevant to the packing of chemotaxis receptors comes from x-ray crysatallogaphy studies
of fragments of the their cytoplasmic regions. Three such structures are deposited in the
Protein Data Bank (PDB codes 1QU7, 2CH7, and 3G67).11-13
These have led to the proposal of two models for receptor packing that have
received attention in the relevant literature. The first (and more prevalent) is a “trimerof-dimers” model that mimics the packing seen in 1QU7, where three receptor

2

homodimers contact one another at their cytoplasmic tips.14 The second is a “hedgerow”
model which uses the packing interactions seen in the 2CH7 structure, where receptor
homodimers form long, linear rows.12

(The structure 3G67 generally receives less

attention; here the receptors also pack in a “hedgerow”, though a different face of the
receptor participates in the contact).
We undertook the task of testing these models. We chose a solid-state NMR
technique known as REDOR,15 in which one introduces two labels to a protein sitespecifically and measures the distance between them. This permits the measurement of
only a single distance. However, because there were pre-existing models between which
we were attempting to distinguish, it was relatively easy to select a distance measurement
that would distinguish between the competing hypotheses. The great advantage of the
technique is that it allowed us assay the receptors in more-native environments than have
previously been investigated. We measured the selected key distance in signaling
complexes reconstituted from cytoplasmic fragments of the receptor and its necessary
binding partners. This sample was characterized biochemically and shown to capture, at
a minimum, all the determinants of the kinase activity of the complex; this is certainly
more informative than the crystal structure of the receptor fragment, which completely
lacks the enzymatic component of the complex.
The details of these experiments, and an extensive interpretation of them, will be
the subject of Chapter Two. By way of introduction, it is sufficient to say that—much to
our surprise—the results were consistent with neither the trimer-of-dimers model nor the
hedgerow model. Receptors were found to approach less closely than either model
predicts. These results contradict the most widely held opinions in the field of bacterial

3

chemotaxis, and further experiments will be necessary to find a suitable alternative. As
such they demonstrate the importance of combining good structural data with the best
possible biochemical controls. It also demonstrates the utility of site-directed NMR
techniques: a single such experiment yields comparatively few data, relative to a
complete x-ray or NMR structure. However, it can often be performed under conditions
where the others cannot, and so when chosen carefully it can provide a key piece of
information that is otherwise unobtainable.

1.2 Development of solid-state NMR methodologies
A craftsman is most often identified by the good he produces. We say that a
baker is one who makes bread. Of course this misses much of the point. It is as fair, and
perhaps more instructive, to say that a baker is one who bakes: who has bowls and
measures and good ovens, and has mastered mixing and kneading and all the arts of his
trade. His days are spent in the kitchen, not the dining room. As such, he is as likely to
be excited by discovering an easier way to mix batter as he is by completing any
particular loaf of bread. To the practicing craftsman, process is as important as product.
Science is a craft like any other, and the scientist is no exception to this rule. Our
tools matter, in a grossly pragmatic fashion and also as a point of professional pride. In
studying the chemotaxis signaling system with solid-state NMR, we identified both a
need and an opportunity to enrich the spectroscopist's toolbox. Chapters Two and Three
of this work describe methods developed to facilitate solid-state NMR experiments on
proteins, both in the identification of appropriate assay conditions for a new protein of
interest, and in the routine setup and calibration of experiments applied to samples
already characterized.

4

Performing solid-state NMR experiments on protein samples can subject them to
denaturing influences.

Because of the expense of isotopic labeling, and the low

sensitivity of NMR, the loss of even a single sample to such denaturation can be a
hardship. Chapter Two describes the strategy we developed to anticipate these problems
before they occur, and to address them in a logical and efficient manner. Briefly, we
identified the individual phenomena likely to contribute to protein denaturation. These
were: 1) damage associated with the initial sample freezing, 2) heating associated with
sample spinning, and 3) heating due to the application of high-energy, radiofrequency
electromagnetic fields. We then identified proxy experiments that could test for these
phenomena under specific sample conditions, and isolate their individual contributions to
sample denaturtation, while using much less protein than than a single NMR experiment
would require. Freezing-related damage can be measured using small-scale biochemical
assays, using a method we developed for approximating the freezing rates encountered
within the spectrometer. A previously-reported chemical shift thermometer can be used
to check for spinning-induced sample heating.16 Lastly, the heating behavior in response
to applied electromagnetic fields can be dissected in detail, using a novel pulse program
reported here. Advice is offered for dealing with each effect, should any of them prove to
be problematic.
The third chapter deals with an NMR advance specific to the REDOR technique.
Carbon-fluorine REDOR is a remarkably powerfully technique because it measures
distances that would otherwise be inaccessible by NMR. The fact that fluorine is not
naturally present in proteins, but can readily be introduced in a selective fashion, enables
distance measurements to be targeted to regions of specific interest when spectral overlap

5

would otherwise preclude this. The large magnitude of the 19F nucleus's magnetic dipole
also allows the measurement of unusually long distances, for an NMR measurement.
There are reports in the literature, for interest, of measuring a 10 Å distance with subangstrom accuracy.17 However, claims about the accuracy of such measurements are
difficult to assess. Very long distance measurements using REDOR are challenging,
principally because of the low sensitivity of the experiment.18 The aforementioned 10 Å
distance, for instance, required three months of continuous signal averaging to obtain an
adequate signal-to-noise ratio. Dedicating this amount of spectrometer time to measuring
a control distance—especially routinely, as a means of assessing a particular
experimental setup and not just the theoretically achievable accuracy of the technique—is
an unappealing prospect.
For that reason, we designed a small molecule that aids in quickly setting up
carbon-fluorine REDOR experiments and assessing their performance in measuring
(moderately) long distances. There are two principal criteria that such a molecule should
satisfy. First, it should contain a long, independently-verifiable carbon-fluorine distance,
which will be the test case for the REDOR technique. Second, the carbon and fluorine
atoms defining this distance should be isolated from other NMR-active nuclei, so that
they behave as a two-spin system; the results from an experiment performed on a twospin system are much easier to interpret than those performed on a many-body system.
Of course, meeting both these challenges simultaneously is challenging: the distance
within the spin pair should be long, but the distance between them even longer—without
causing the system to become so dilute that the signal-to-noise ratio for the experiment
suffers unduly. We achieved just this by creating a supramolecular complex of two

6

molecules. A molecule of parafluorotoluene molecule contains a carbon-fluorine pair
separated by 4.1 Å, which provides the measurable distance of interest. These are
encapsulated within cup-shaped molecules known as calixarenes, which serve to solidify
and isolate the parafluorotoluene.

The resulting complex was studied by x-ray

crystallography and solid-state NMR, yielding a thorough understanding of its structure
and dynamics. A REDOR experiment was performed on the aforementioned distance,
and demonstrated that highly accurate REDOR measurements are possible for long
carbon-fluorine distances.
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CHAPTER 2
ACTIVE SIGNALING COMPLEXES OF BACTERIAL CHEMORECEPTORS
DO NOT CONTAIN PROPOSED RECEPTOR-RECEPTOR CONTACTS
OBSERVED IN CRYSTAL STRUCTURES
2.1 Introduction
The bacterial chemotaxis system offers a unique opportunity to study
transmembrane signaling in structural and mechanistic detail. 1 As bacteria swim through
their environment they execute a random walk consisting of runs and tumbles that biases
the motion toward higher concentrations of chemical attractants, including nutrients like
serine, and away from repellants, such as toxic substances like Ni2+. The proteins that
control chemotactic behavior and the underlying signaling logic have been identified;
these are summarized in Figure 2.1. Transmembrane chemoreceptors together with the
scaffolding protein CheW and the signaling kinase CheA form signaling complexes that
are found predominantly in clusters at the cell poles. Phosphotransfer from CheA to
CheY elicits tumbling upon binding of CheY-phosphate to switch proteins in the flagellar
motor.

The frequency of tumbling is suppressed by attractant binding to the

chemoreceptor, which inhibits CheA activity thereby lowering levels of CheY-phosphate.
Adaptation to ambient chemoeffector concentrations is mediated by the enzymes CheR
and CheB, which modulate the receptor sensitivity by adding and removing methyl
groups to four specific residues on the chemoreceptor. These methyl transfer reactions
take place on a slower timescale than attractant-mediated kinase inhibition and
stimulation, so the methylation state becomes a memory of the conditions the cell
experienced several seconds prior. Consequently, cells respond to gradients of attractants
and repellents.

9

Figure 2.1. The chemotaxis signaling system. The transmembrane receptor dimer
interacts with cytoplasmic proteins, which together form a signaling circuit that couples
changes in external ligand concentrations to chemotactic swimming behavior.
Despite the challenges of understanding the structure and interactions of a multiprotein, membrane-bound complex, a good deal of progress has been made by employing
two divergent strategies. At relatively low resolution fluorescence 2, electron microscopy
3-11

and site-directed cysteine crosslinking

12-15

have been used to probe the cellular

localization and arrangement of proteins within signaling complexes. High-resolution
structures of all the proteins in the signaling pathway have been determined for individual
proteins, or in the case of the receptor as separated (soluble) periplasmic and cytoplasmic
domains.
The detailed arrangement of proteins in signaling assemblies comprised of
chemoreceptors, CheA, and CheW is not known. Models for the intact receptor have

10

been deduced from structures of various fragments corresponding to much of the receptor
sequence, including crystal structures of the periplasmic

16

and cytoplasmic

17

domains,

and an NMR structure of the HAMP domain that connects the transmembrane and
cytoplasmic domains

18

. Models for receptor-receptor packing in extended signaling

arrays have been proposed based on packing interactions observed in crystals of
cytoplasmic domains.
receptor

17

The structures of cytoplasmic domains of the E. coli serine

, a T. maritima chemoreceptor of undetermined ligand specificity

putatively cytosolic receptor, also from T. maritima

20

19

, and a

, are all extended four-helix

bundles that are comprised as homodimers of coiled-coil hairpins.

However, the

structures differ in how these bundles pack together in the crystal (Figure 2.2). The T.
maritima dimers pack close together in a linear array or “hedgerow.” The E. coli domains
are packed as a trimer-of-dimers: three dimers with threefold rotational symmetry contact
one another at the cytoplasmic tip, but splay apart in the region that corresponds to the
membrane-proximal end. These two packing arrangements have been used to generate
two different array models of the receptor/CheW/CheA signaling complex. Crane and
coworkers proposed the hedgerow model based on the dimer-dimer packing observed in
the T. maritima crystals, which were assembled into an extended array with data from the
structures of CheW and CheA domains 19. Independently, Bray and colleagues, and later
Kim and colleagues, have proposed a model with hexagonal symmetry – the trimers-ofdimers model – based on the packing observed in the crystals of the E. coli serine
receptor cytoplasmic domain 21,22. In a recent paper, Jensen and coworkers have reported
that hexagonal packing of chemoreceptor arrays is widespread among a variety of
bacteria including T. maritima

23

, which argues against the hedgerow organization
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observed in crystals of T. maritima receptor fragments. Although the hexagonallyaveraged electron density maps generated by cryoelectron microscopic tomography of
chemoreceptors and signaling proteins in cells have sufficient resolution to fit receptor
subunits, the resolution is insufficient to identify the arrangement of proteins in the
complexes in atomic detail 4-6.

Figure 2.2. Different arrangements are proposed for receptor-receptor packing in
signaling complexes. (A) Top In the hedgerow model, receptor dimers pack in a linear
array. Bottom The view from the cytoplasm, looking toward the membrane. The modeled
p-F-Phe residues are shown as sticks; labeled carbons are shown as spheres. Important
C-F distances are labeled. (B) Top In the trimers-of-dimers model, the receptor dimers
touch at their cytoplasmic tips. Bottom The trimer-of-dimers as viewed from the
cytoplasm. Threefold symmetry is present, but each type of distance is labeled only
once, for clarity. Not shown are the monomers not featured in the trimer contacts; each
of these can be modeled as an isolated 13C-19F pair with an 8.8 Å distance (see Methods).

12

Here, we have performed a direct structural measurement using site-directed
solid-state NMR to probe the nature of dimer-dimer contacts within a more native context
than crystals of receptor fragments. This method enjoys the angstrom-level resolution of
crystallography, but allows us to examine these contacts in the context of the intact,
membrane-bound receptor and a cytoplasmic domain/CheW/CheA complex, without the
need for obtaining diffracting crystals whose assembly may depend on the formation of
non-native protein-protein contacts. The site-directed nature of the experiment also
allows us to probe multi-protein complexes that are too large for uniformly-labeled solidstate NMR experiments (due to spectral overlap) and far too large for solution NMR (due
to slow correlation times). We analyzed the two models for receptor arrays for dimer-todimer distances that were distinctly different between the two, and happened also to fall
within the measurable range of the NMR methods (~12 Å or less). From these we
selected a pair of atoms amenable to isotopic labeling, prepared the relevant proteins, and
measured the distance between the atom pairs in two types of samples: the intact
chemoreceptor embedded in native membrane vesicles, and the receptor cytoplasmic
domain in functional complexes with CheA and CheW. As demonstrated below, a single
key distance measurement provides an important test of structural models to aid in
understanding the mechanism of signaling by this receptor.

2.2 Materials And Methods
2.2.1 Plasmids and strains.
The serine receptor and the cytoplasmic fragment (CF) of the aspartate receptor
used in this study contained glutamine residues at the four major sites of methylation;
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glutamine substitution at the methylation sites is known to mimic the effects of receptor
methylation 24. The plasmid pJL31.A372C was constructed from pJL21

25

to encode the

fully-modified (4Q) E. coli serine receptor with a 34 residue truncation from the Cterminus, a 6xHis affinity tag fused to the truncated C-terminus and the A372C
substitution.

The plasmid pHTCF.4Q encodes the N-terminally His-tagged, fully-

modified aspartate receptor cytoplasmic fragment and ampicillin resistance

26

.

pHTCF.4Q.A372C containing the A372C mutation was made using a QuikChange sitedirected mutagenesis kit (Stratagene).

Residue numbers in all proteins studied are

expressed in terms of the corresponding residue number in the intact serine receptor to
allow direct comparison to the PDB entry 1QU7. pCF430 carries tetracycline resistance
as well as a lacIq, and was provided by Steve Sandler (University of Massachusetts
Amherst, Department of Microbiology). The E. coli strain DL39C is auxotrophic for
multiple amino acids, including Phe and Cys, which promotes efficient incorporation of
NMR labels. The Cys auxotrophy is due to the insertion of a transposon into the cysE
gene, and is maintained with kanamycin selection

27

. DL39C was transformed with

pHTCF.4Q.A372C and pCF430 to generate reproducible high-level CF expression after
induction by IPTG.

2.2.2 Protein expression and purification.
CheA was purified as in the published procedure 28, but ion exchange chromatography
was omitted. CheY was purified as previously published 29. CheW was purified as
published 30, but with an added size-exclusion chromatography purification: pooled
fractions from the ion-exchange column were concentrated with 10 kDa concentrators
(Amicon) and loaded in 3 mL aliquots to a pre-equilibrated column (HiPrep 26/60
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Sephacryl S-100 HR, GE Healthcare); the column was run at 1 mL/min with PIP buffer
(10 mM piperazine, 100 mM NaCl, 0.5 mM EDTA, pH 6.0) 30, and CheW fractions were
pooled, concentrated, and frozen in aliquots.
Isotopically-enriched serine receptors in inner membrane vesicles were expressed
from DL39C/pJL31.A372C. Different defined media were used for growth and
expression, as reported previously

27

, with the minor modification that racemic p-F-Phe

(at twice the concentration) was used in place of the L-enantiomer. Inner membranes
containing the overexpressed receptors were isolated, also as previously described 31. To
perform the natural abundance

13

C correction required for REDOR experiments

types of receptors were prepared: labeled receptors with
unlabeled receptors with

13

13

27

, two

C-enriched cysteine and

C present in natural abundance.

All serine receptors

incorporated p-F-phenylalanine in place of Phe.
Full modified CF (CF4Q) was expressed from DH5!/pHTCF.4Q. Cells were
grown in LB with ampicillin (150 ug/mL) to an optical density of 0.4-0.6, at which point
IPTG was added to 500 mM and protein expression continued for 3 hours.
CF4Q A372C was expressed from DL39C/pHTCF.4Q.A372C/pCF430.

Cells

were grown to an optical density of 1.0 in LB with ampicillin (150 µg/mL), kanamycin
(50 µg/ml), and tetracycline (50 µg/ml).

Cells were then pelleted, washed and

resuspended in expression media, which contained ampicillin but not kanamycin or
tetracycline 27. IPTG was added to the cells to 500 "M and protein was expressed for 3
hours. As with the serine receptors, both labeled and unlabeled CFs were prepared.
All CFs were purified on HisTrap columns (GE Healthcare) (buffer conditions:
75 mM KxH3-xPO4, pH 7.5; imidazole 15 mM loading, 50 mM wash, 500 mM elution.
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Buffers for cysteine mutants contained 2 mM TCEP). CF purity was good, as judged by
SDS-PAGE, but isolated CFs consistently contained a proteolysis product running at a
slightly lower molecular weight; mass spectrometry indicates the fragment is ~1900
Dalton (~16 residues) smaller than the intact CF. The proteolysis probably removed the
His-tagged N terminus, because the proteolyzed CF did not co-sediment with the
templating lipid vesicles. Activity assays were performed under conditions that corrected
for this, by equating the sedimenting fraction of CF: the total CF concentration in PEGcontaining assemblies was set equal to the intact CF concentration in lipid-mediated
assemblies.

2.2.3 Fluorine incorporation.
Levels of p-F-phenylalanine incorporation in both intact Ser receptor and Asp
receptor CFs were estimated by trypsinolysis and mass spectrometry. Proteomics-grade
trypsin (Sigma) was dissolved in ddH2O (0.2 mg/mL) on the day of use. Samples
containing 75 "g CF, 5 "g trypsin, and 19 mM NH4HCO3 (50 uL total volume) were
incubated overnight at 37 °C. Samples were processed the next day with PepClean C18
columns (Pierce) according to the directions. Peptides were eluted in 70% acetonitrile
and subjected to MALDI-MS analysis.
The CF sequence contains four Phe residues, predicted to reside in four different
peptides upon trypsin digest (predicted masses 992, 1349, 1004, and 2914 Da). For each
of these peptides a +18 Da peak was detected, indicating successful p-F-Phe
incorporation.

In some but not all cases a very low signal-to-noise peak could be

detected at the m/z ratio corresponding to the unsubstituted peptide; the overall
incorporation rate was therefore taken to be ~100%. Trypsin-digested intact serine
16

receptor gave more complex, lower signal-to-noise spectra. Based on the high level of
protein overexpression, and the choice of the same Phe-auxotrophic strain used for CF
expression, full p-F-Phe incorporation was not problematic. The one observed peak
identified as being diagnostic of

19

F incorporation (1577 to 1595 m/z, corresponding to

residues 35-47) showed a pronounced shift to the +18 m/z ratio, although poor signal to
noise ratio precluded accurate quantitation. Complete

19

F incorporation was therefore

assumed as in the CF samples.

2.2.4 Kinase assays.
CheA, CheW, and CF (plus lipid vesicles and/or PEG buffer) were incubated
overnight at 25 °C to allow full assembly of complexes. In samples containing vesicles,
the membranes were comprised of DOPC and DOGS-NTA-Ni2+ in a 1:1 molar ratio.
Vesicles were prepared by extrusion fifteen times through a track-etched polycarbonate
membrane with 50 nm diameter pores (Avanti Polar Lipids, Alabaster, AL) as described
previously

30

. Kinase assays were conducted using the enzyme-coupled method as

described previously 32.
To mimic the slow freezing experienced by samples prior to a REDOR
experiment, the following protocol was used. Samples were assembled and an aliquot
was removed and assayed for initial activity. The sample was pelleted at 139000g for 15
minutes in a small centrifuge tube. The supernatant was pipetted away, frozen in liquid
nitrogen, and stored at -80 °C. The centrifuge tube containing the pellet was sealed with
parafilm, closed in an Eppendorf tube, and immersed in a room temperature ethylene
glycol/water bath, which was then placed in a -80 °C freezer overnight. A small aliquot
of the supernatant was thawed by immersion in a 25 °C water bath and then checked for
17

activity (typically yielding no kinase activity). The centrifuge tube containing the pellet
was then immersed briefly in the water bath (until visibly thawed). The whole of the
supernatant was added back to the pellet and resuspended with brief, vigorous pipetting;
kinase activity was measured immediately afterward.
Proteins assembled on DOPC/DOGS-NTA-Ni2+ vesicles in buffers comparable to
those previously used (75mM Tris, 5% DMSO, 50 mM KCl, 25 mM MgCl2, and 2mM
TCEP)

26

retained only ~50% activity after the freeze-thaw treatment.

Modest

improvements were obtained by switching from Tris to potassium phosphate buffers,
presumably due to the much smaller temperature change in pKa that phosphate buffers
experience relative to Tris 33. This is likely to be broadly applicable to solid-state NMR
experiments that are performed at temperatures lower than that at which the sample is
prepared. However, we note that the use of potassium rather than sodium phosphate is
important, as others have shown that sodium phosphate buffers can undergo radical pH
shifts upon freezing.34 Although the DMSO in the original buffer reduced the slow-freeze
damage, it was incompatible with our solid-state NMR experiments, as DMSO forms
very low-freezing point mixtures with water. At the minimum temperature readily
maintained in our NMR probe (nominally 213 K), a portion of the sample remained
liquid when DMSO was present, which greatly increased the propensity of the sample to
heat under the applied radiofrequency irradiation (data not shown). The PEG/trahalose
mixture that was found to prevent slow-freeze damage also did not promote RF-induced
heating in the NMR experiment.
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2.2.4 Model construction.
Trimer-of-dimers and hedgerow structures containing parafluorophenylalanine
were constructed in Pymol from the published pdb files 1QU7 and 2CH7, respectively
17,19

. In both cases, symmetry mates were generated first. For the hedgerow structure, a

phenylalanine had to be substituted into the T. maritima structure, because the T.
maritima contained another amino acid at this position. Alignment of the T. maritima and
E. coli sequences was performed (http://www.ebi.ac.uk/Tools/emboss/align/index.html)
and the residue in the T. maritima sequence (E358) corresponding to F373 in the E. coli
serine receptor was identified.

E358 residue was mutated to phenylalanine and an

appropriate rotamer selected from Pymol’s backbone-dependent library. Among the
several rotamers available, only the rotamer shown in Figure 2.2 is consistent with our
final REDOR results. The others necessarily give

13

C-19F distances shorter than 8.8 Å,

due to intramonomer interactions, and so these are not considered further here. Hydrogen
atoms were then added to both structures using Pymol h_add function and fluorine
substitutions made at the para position.

2.2.5 REDOR NMR and analysis.
All NMR experiments were performed on a 300 MHz Infinity+ spectrometer
(Varian) equipped with an XR sample cooler from FTS Systems. The

19

F dephasing

pulse widths were chosen by optimizing the REDOR dephasing, using a fluorinated
inclusion compound designed for that purpose. We have since shown that after such an
optimization is used, we observe correct REDOR dephasing for at least 64 rotor cycles
(Fowler & Thompson, unpublished results). Performance of the REDOR experiment was
checked against fluorinated polycarbonate immediately before acquiring data on the
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intact Ser receptor, and both before and after acquiring data on the CF-CheA-CheW
complex. In all three cases the polycarbonate REDOR data fit to dipolar coupling values
of 1900-2000 Hz, consistent with published results.35 REDOR on intact Ser receptor was
performed with 40960 S and S0 scans per dephasing time per sample.

Data were

collected by cycling through three dephasing times (4.8, 8.0, and 11.2 ms). The pulse
delay was 1 s, giving a total experiment time of 68 hours for each (labeled and unlabeled)
sample. A total of 30 mL of the complex was assembled at the protein concentrations
described, indicating a total protein mass of 82 mg. The total mass of sample packed into
the rotor was 112 mg (for the labeled sample) and this was slightly less than half the total
pellet derived from the 30 mL sample; the rotor presumably contained ~40 mg of protein,
the remainder of the mass coming from water and other buffer components. Data were
collected in blocks containing 1024 scans each S and S0; 1 scan of S was followed by 1
scan of S0 for a single dephasing time, until the block was completed, followed by a
block of S and S0 scans for the next dephasing time. This process repeated until all scans
were obtained. Power levels for 13C, 19F, and 1H decoupling pulses were 50 kHz, 80 kHz,
and 80 kHz, respectively. Cross polarization was performed with a linear ramp. Proton
decoupling was continuous wave. The spinning speed was 5 kHz and the nominal
temperature (that of the cooling gas) was maintained at -50 °C. Data were oversampled
(500 kHz sweep width) and decimated before processing.

Line broadening was

Lorentzian and match-filtered to the estimated width of the unbroadened, backgroundsubtracted S0 spectrum (438 Hz). FIDs were zero-filled once.

Natural abundance

contributions to the REDOR dephasing were removed as follows: S and S0 spectra were
processed for both the

13

C labeled and the unlabeled spectra. An integral over the S0

20

aliphatic region was taken for each, and the labeled spectra were scaled by the ratio of
these integrals.

Finally, the unlabeled S and S0 spectra were subtracted from the

corresponding labeled spectra, yielding REDOR spectra free from natural abundance 13C.
Peak intensities of the carbonyl peaks were used to calculate the quantity ((S0-S)/S0).
REDOR spectra of the Asp receptor CF complexes were collected and processed
as for the Ser receptors, with the following exceptions. 46080 S and S0 scans were
collected per dephasing time per sample, in blocks of 512. Pulse delay was set to 1.5 s.
Some blocks contained excessive amounts of noise, for reasons poorly understood; these
blocks were readily identified, and were discarded prior to summation of the remaining
blocks. Decoupling was TPPM. Line broadening was 126 Hz, derived using the matchfiltered condition described for the intact Ser receptor. The temperature of the cooling
gas was maintained at -60 °C; in-house calibration indicates this corresponds to an actual
sample temperature of -40 °C.
Uncertainties in all measurements were estimated using the rms of the baseline.
For experiments on the intact receptor, peak intensities were measured as peak heights
with uncertainties equal to the rms of the baseline. For experiments on the CF complexes,
peak intensities were measured as peak integrals with uncertainties equal to the rms of the
baseline times the square root of the number of points in the integration. Uncertainties in
DS/S0 were calculated by error propagation to yield the error bars shown in Figure 2.4.
CF spectra are shown in Fig S1 and intensities are tabulated in Table 2.1 in the
Supplementary information.
REDOR dephasing times were initially chosen based on the expected curve for
the trimers-of-dimers model, which predicted maximal dephasing by 10 ms (as shown in
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Fig 3). The benefit of extending the experiment out to longer dephasing times was
estimated with the tradeoff between the signal loss due to relaxation (T2* = 6.68 ms for
the Cys carbonyl, based on the S0 intensities measured in the difference spectra) and the
predicted dephasing for the longer 8.8 Å distance. We did not pursue longer dephasing
times, because the predicted ratio of #S/S0 signal vs noise was maximal by 11.2 ms.
SIMMOL was used to translate pdb files into SIMPSON input files.36 All REDOR curves
were simulated using SIMPSON.37 REDOR curves for the trimer-of-dimers structures
were calculated in two parts: one for the three monomers with F373 pointing inward and
one for the three monomers in which F373 points outward. The final curve is an equallyweighted average of the two. For modeling pdb-derived structures, all dipolar couplings
were considered. In the 3-spin simulation depicted in Figure 2.6,
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F homonuclear

couplings were omitted to ease automation of the calculations. These homonuclear
couplings should not interfere with the REDOR calculation. A smaller subset of control
simulations (not shown) indicated that with 5 kHz MAS, the fluorine homonuclear
couplings had to exceed 5.7 kHz before they led to significant perturbations of the
REDOR curve; such high couplings cannot be produced by fluorine nuclei that do not
approach closer than the sum of their van der Waals radii.

2.3 Results
2.3.1 REDOR distance measurements can distinguish between two models proposed
for receptor arrays.
The strategy in designing the site-directed solid-state NMR experiments is to find
pairwise interactions that are characteristic of a given model and also readily labeled to
create an isolated pair of spin $ nuclei. In this case we took advantage of a key
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phenylalanine residue in the E. coli aspartate and serine receptor that is positioned at the
receptor dimer-dimer interface in both structural models (Figure 2.2), as well as a unique,
non-perturbing Cys that can be introduced by mutagenesis at residue 372. These residues
are chosen because Phe can be labeled with

19

F, which enables longer distance

measurements, and the Cys can be labeled uniquely with

13

C, because the wild-type

receptor lacks Cys. The selection of a non-perturbing Cys mutation in this system is aided
by the existence of a large body of literature about Cys mutations and their effects on
activity.12,38,39 Labeled proteins are prepared by expression in media containing p-F-Phe
and 1-13C-Cys. We then used a REDOR experiment to measure the distance between the
two labels. This technique is a well-established tool in structural biology, and can
measure distances with a resolution that rivals X-ray crystallography.40 The shortest
interdimer distance between

13

C- and

19

F-containing residues is remarkably short in the

trimer-of-dimers structure (5.6 Å, see Figure 2.2) and substantially longer in the
hedgerow structure (8.0 Å). In both cases the interdimer distances are shorter than the
shortest likely

13

C to

19

F distance within a dimer (8.8 Å in 1QU7), so the REDOR

dephasing will be dominated by the interdimer interaction.

2.3.2 REDOR of overexpressed intact, membrane-bound Ser receptors measures a
predicted long distance.
Although inner membrane vesicle preparations such as these NMR samples have
been widely studied and shown to be functional in complex formation,31 ligand binding,41
kinase,39,42 and methylation assays,43,44 recent studies have demonstrated that expression
of chemoreceptors without sufficient amounts of CheA and CheW leads to an alternate
receptor array structure that correlates with impaired chemotaxis.7 In this alternate
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structure the cytoplasmic tips of the receptor array are interdigitated with receptors from
another array, which would disrupt the receptor dimer-dimer interactions observed in the
trimer of dimers or hedgerow crystals. Given the high overexpression levels of intact
receptor in our samples, without any overexpression of CheA and CheW, it is likely that
the receptors are predominantly interdigitated. In such samples we do not expect REDOR
dephasing due to dimer-dimer interactions but only due to fluorines within the same
dimer. The closest carbon fluorine distance within the receptor monomer (or dimer),
assuming the most probable rotamer in this a-helical context, is predicted to be 8.8 Å.
REDOR experiments were performed on a matched pair of samples of Ser
receptors bound to native inner membrane vesicles. REDOR dephasing in the
experimental sample (labeled with both 1-13C-Cys and p-19F-Phe) is the sum of the
dephasing of 13C-Cys372 by p-19F-Phe373 and the dephasing of natural abundance 13C by
all of the p-19F-Phe. The latter is removed by subtraction of the dephasing observed in the
control sample (labeled with only p-19F-Phe.) The resulting REDOR dephasing data in
Figure 2.4 (diamonds) are consistent with the predicted curve for isolated dimers: the data
fit well to a single distance of 8.8 Å. This suggests that we have accurately measured a
long distance, corrected for the natural abundance

13

C contribution, in this complex

sample.

2.3.3 Kinase assays identify conditions for NMR of active assemblies.
Biochemical assays that use kinase activity to interrogate receptor function, such
as receptor-mediated kinase inhibition, assess only those receptors in communication
with the kinase.

However, the REDOR experiment measures dephasing in all the

receptors in the sample, and therefore it is important to maximize the fraction of receptors
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in active complexes. By assembling complexes with the receptor cytoplasmic fragment
(CF), we avoided the accessibility issues that can plague samples of intact receptors in
membrane vesicles. We discovered new NMR-compatible conditions for assembly of
CF/CheW/CheA signaling complexes, which we demonstrated to have a kinase activity
comparable to the activity observed with biochemically well-characterized complexes
assembled on liposomes 26.

2.3.3.1 PEG/trehalose mixtures suitable for NMR also promote complex assembly.
NMR of active samples requires buffer conditions that protect against damage
during freezing (relatively slowly) and during high-power radiofrequency pulsing. A
slow freeze-thaw protocol in the presence of cryoprotectants (see Methods) was followed
by a measurement of kinase activity to determine the extent of damage to the sample. We
tested a number of cryoprotectants and found that a combination of PEG 8000 (7.5%
w/v) and trehalose (4% w/v) worked well to preserve activity of liposome-mediated
complexes of CF, CheA, and CheW (Figure 2.5). We subsequently found that the
PEG/trehalose conditions were sufficient to promote assembly of active complexes
without the liposomes, suggesting that PEG (a known macromolecular crowding agent)
drives the assembly of the large, sedimenting complexes. Inclusion of PEG/trehalose in
the samples, with or without lipids, drove more CF and CheA into the sedimenting
complexes, as judged by SDS-PAGE of pellets. Since the kinase activities of PEGpromoted complexes were similar to the activities of complexes formed on vesicles with
comparable amounts of CF (Figure 2.5 and

30

), we concluded that the addition of PEG

provides another effective means of assembling kinase-active signaling complexes. This
is consistent with published accounts that soluble CFs can complex CheA and CheW in
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solution to form active complexes, if the right buffer conditions are used: Wolanin et al.
found several such conditions 10, and Montefusco et al. have observed similar complexes
via electron microscopy 30. It is also consistent with literature suggesting that PEG may
be used to precipitate proteins while maintaining their structure and functionality.45,46 An
alternate explanation, that PEG-induced precipitation increases CheA kinase activity
independent of its incorporation in signaling complex, was ruled out with control samples
in which either CF or CheW was omitted from the complexation reaction. These samples
that did not have detectable kinase activity under assay conditions (data not shown). We
considered this finding fortuitous, because the vesicles have disadvantages for NMR, i.e.
they occupy volume and may contribute paramagnetic line broadening. We therefore
performed the REDOR experiments on PEG-promoted assemblies, samples assembled
solely through the actions of PEG and trehalose with no liposomes present.

2.3.3.2 Receptor-saturating concentrations of binding partners identified.
To maximize NMR sample homogeneity, we sought to drive as much as possible
of the receptor fragment into active CF/CheW/CheA complexes. Since the activity of
CheA increases 200-fold upon binding to receptors and CheW 32, we could easily use the
kinase activity as the means to optimize the sample composition.

We began by

assembling complexes with a single CheA concentration (6 mM) and varied the CheW
concentration from 0 to 50 mM. Under these conditions a maximum in activity was
observed in samples containing 20 mM CheW (Figure 2.3A). We then prepared samples
with 49 mM CF, 20 mM CheW and various CheA concentrations and a maximum in
activity was observed at 12 mM CheA (Figure 2.3B).

The sample formed under

conditions that produced the largest activity, 49 "M CF, 12 "M CheA, and 20 "M CheW,
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was assumed to consist of complexes in which all the available binding sites on the CF
were saturated with CheA and/or CheW. Although these concentrations were arrived at
with samples that contained both vesicles and PEG & trehalose, comparable activities
were observed when the vesicles were omitted. Vesicles were omitted for all NMR
experiments on functional complexes.

Figure 2.3. Conditions for maximal formation of kinase-active signaling complexes.
(A) ATPase activity as a function of [CheW], using fixed [CheA] (6 µM) and [CF] (49
µM). Maximal activity is seen at 20 µM CheW. (B) ATPase activity as a function of
[CheA], using fixed [CheW] (20 µM) and [CF] (49 µM). Error bars represent the
standard deviation of at least two trials. Samples are PEG-promoted assemblies, but also
contain liposomes.

27

2.3.3.3 NMR labeling is minimally perturbing.
The A372C mutation is similar to one used previously, which did not to disrupt
receptor function

38

, so A372C was not expected to disrupt function either. However,

substitution of phenylalanine with fluorophenylalanine at all positions can disrupt protein
function, and so the combined effects of the cysteine mutation and fluorophenylaline
incorporation on kinase activity was measured. The combination was shown to be
nonperturbing under PEG/trehalose assembly conditions (Figure 2.5). The wildtype CF,
unlike the mutant/F-labeled receptor, yielded a greater activity in complexes assembled
with lipid vesicles than CF/CheW/CheA samples induced to assemble with PEG; we
know too little about the assembled complex to speculate about the origin of this
difference.

2.3.4 REDOR demonstrates receptor packing in active arrays differs from both
crystals.
REDOR experiments were performed on PEG-promoted assemblies of the CF
(A372C, 4Q), CheA, and CheW, labeled with either 1-13C-Cys and p-19F-Phe or only p19

F-Phe. The natural abundance contribution to dephasing, measured on the sample

labeled only with p-19F-Phe, was subtracted from the dephasing of the 1-13C-Cys and p19

F-Phe labeled sample.

Peak integrals were measured in NMR difference spectra

(Supplementary Figure 2.7) for S and S0 at each dephasing time. These were used to
calculate #S/S0 data (Table 2.1), which are plotted in Figure 2.4 (triangles). The REDOR
dephasing data are clearly incompatible with the interdimer packing interactions of both
the trimer-of-dimers and the hedgerow crystal structures. Instead, the result once again
fits well to a single distance of 8.8 Å. This is the distance observed in the trimer-of-
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dimers crystal structure to separate the introduced

19

F and

13

C labels within a single

monomer of the receptor. It also the greatest possible separation of the labels in a single
monomer, assuming that Phe373 adopts an “allowed” rotamer and that the receptor
retains its !-helical character.

Figure 2.4. Predicted and observed REDOR dephasing. Curves are simulations for
proposed receptor array structures: trimer-of-dimers (solid gray), hedgerow (dashed,
gray), and isolated dimers (dotted, black). Experimental data is shown for the intact
serine receptor (diamonds), as well as a cytoplasmic fragment of the aspartate receptor in
PEG-promoted active signaling complexes (triangles). Error bars were computed as
described in Methods. Spectra and tabulated data for the active complexes are provided
as Supplementary Information.
The actual sample used in the REDOR experiment was assayed for kinase activity
before and after the experiment (Figure 2.5). The sample was difficult to resuspend
uniformly following NMR analysis, which resulted in larger variation in activity among
sample aliquots. Nonetheless, full activity was observed in the post-NMR sample (Figure
2.5), which is the average activity measured on five aliquots taken from this sample.
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Figure 2.5. ATPase activity of CF/CheW/CheA signaling complexes. All activities
are reported in terms of total CheA added. Samples at right are 4Q A372C mutants (in
Tsr residue numbering) and have p-F-Phe at all Phe sites. “Wildtype” refers to samples
with CF4Q that do not contain the A372C mutation and do not contain p-F-Phe. PEG
samples contain 7.5% (w/w) PEG 8000 and 4% (w/w) trehalose. Lipid samples contain
1:1 DOPC:DOGS-NTA-Ni2+ lipid vesicles at a total lipid concentration of 540 mM. The
data show that PEG assembly yields active complexes, and that both NMR labeling and
NMR analysis are minimally perturbing to signaling complex activity. Error bars
represent the standard deviation of at least two trials.
The

PEG-promoted

CF/CheA/CheW

assemblies

are

substantially

more

homogeneous than the intact-receptor vesicle samples as judged by NMR linewidths.
The 1.7 ppm linewidth of the unique Cys carbonyl carbon, i.e. labeled minus unlabeled
spectrum, of the active assemblies compares favorably with the 1.5 to 3.0 ppm range
observed for well-folded, non-crystalline proteins.47-50
The REDOR results indicate that in the active signaling complex, receptors do not
approach one another as closely at this interface as they do in the crystal structures. To
further clarify how closely together the receptors in the complex might approach one
another, without contradicting the NMR measurement, we conducted a series of
simulations with the SIMPSON NMR package.37 REDOR dephasing of a single 13C atom

30

was simulated with a single

19

F atom (representing Phe373 from the same monomer)

fixed at a distance of 8.8 Å. A second

19

F was then introduced, and its influence on

dephasing was investigated as a function of its distance from the carbon atom and the
angle between the two carbon-fluorine dipole vectors, as depicted in Figure 2.6A. A
REDOR curve was simulated for each arrangement and the difference between the
simulated and experimental values was calculated for the most diagnostic, i.e. 11 ms,
time point. The difference is plotted as a function of the position (distance and angle) of
the second fluorine atom (Figure 2.6A). The difference values (S/S0simulation

-

#S/S0experiment) are depicted as contours. The bold line differentiates values that deviate
from the observed value by more or less than twice the standard deviation. Therefore all
values to the left of the magenta line differ by more than this amount, and are regarded as
inconsistent with experiment. Thus, we see that the fluorine in the fluorophenylalanine
from a second dimer cannot approach closer than ~8.8 Å. The magnitude of the
discrepancy is illustrated in Figure 2.6B, which depicts a 8.8 Å sphere around a single
13

C-labeled backbone carbonyl carbon (bright red) in the hedgerow model.

To be

consistent with our NMR data, none of the (dark blue) fluorine labels from another dimer
should be within this sphere. The fluorine colored cyan is in the same monomer,
equivalent to the “F1” in Figure 2.6A, and by definition is not subject to constraints on
the approach of a second dimer. For clarity only one 8.8 Å sphere is shown, although
equivalent spheres surround the other (dark red) carbons as well.
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Figure 2.6. Closest approach limits of a second dimer. (A) Calculated difference
between predicted and observed REDOR dephasing of the carbon as a second fluorine
(F2) approaches at a distance r and angle ß. (B ). Close-up view of the hedgerow model,
illustrating the impact of the REDOR constraint. The selected carbon at the center of the
sphere (bright red) is dephased by the fluorine from the same monomer (cyan); the dotted
10 Å sphere should exclude the other fluorines, but one (teal) intrudes. (C) The closest
REDOR-allowed approach in the trimer-of-dimers model of a different monomer’s
fluorine is 7.9 Å (see text), but the model shows a teal fluorine approaching closer.
The model discussed above assumes that both monomers of a dimer participate
equally in higher-order interactions. Such a model is appropriate for the hedgerow
model, where each dimer is contacted on both sides by additional dimers. However, in
the trimer-of-dimers model only one of the two monomers in the dimer have an inwardly
pointing phenylalanine that contributes significantly to the dephasing through higher
order interactions. To adjust for this situation where only one monomer participates in
32

the packing interaction, we performed a modified version of the closest-possibleapproach analysis described above.

In this case, the results of the 3-spin REDOR

simulations were averaged with the predicted results for a single 8.8 Å distance; the
resulting curves were then compared to the experimental data, as before, and the same
criterion applied for compatibility with experiment. The resulting volume-of-closestapproach again had little angle dependence, i.e. was spherical (data not shown).
However, the radius in this case was reduced to 7.9 Å. Figure 2.6C shows the trimer-ofdimers model with this 7.9 Å distance mapped around a single

13

C label. Again, the

model is seen to be incompatible with the REDOR results as fluorine from a neighboring
dimer (dark blue) is found within the volume of closest approach.

2.4 Discussion
This

REDOR

experiment

provides

a

direct

high-resolution

structural

measurement probing the nature of receptor dimer-dimer interactions in overexpressed
intact membrane-bound receptors and functional assemblies of the receptor cytoplasmic
domain with CheA and CheW. In both types of samples the receptor tips are not packed
with either the trimer-of-dimers contacts or hedgerow dimer contacts originally proposed
based on crystal structures of receptor cytoplasmic fragments.17,19 Instead, both samples
show REDOR dephasing consistent with a single C to F distance of 8.8 Å, predicted to be
the shortest distance within a receptor monomer. This was the expected result for the
overexpressed intact receptor, suggesting the REDOR distance measurement is accurate,
but was unexpected for the functional complexes, suggesting that any trimeric
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arrangement adopted by receptor dimers arises from interactions other than that captured
in the trimer of dimers crystal structure.
Although native inner membrane vesicles containing overexpressed intact
receptors have been shown to be functional in ligand binding, methylation, kinase
activation, and transmembrane signaling

38,43

, electron microscopy studies have shown

that receptors overexpressed in the absence of CheA and CheW form an interdigitated
interaction

5,11

, which correlates with reduced chemotactic swarming (7). In a sample

comprised of interdigitated receptor dimers, the REDOR experiment is not expected to
detect the shorter dimer-dimer distances that arise from the contacts observed in the
crystal structures, but only the longer intra-dimer carbon-fluorine distance.

Our

measurement of the expected 8.8 Å intra-dimer distance in this sample suggests these
NMR conditions can be used to successfully measure a long distance in a complex
sample and sets the stage for REDOR experiments on functional PEG-promoted
assemblies of the receptor cytoplasmic fragment, CheA, and CheW. Through careful
biochemical characterization of these assemblies, we have maximized formation of
kinase-functional complexes. Our NMR experiments clearly demonstrate that the
cytoplasmic domain in kinase-active samples does not have the dimer-dimer contacts
observed in either the trimer-of-dimers or hedgerow crystal structures.
Although there is compelling evidence that chemoreceptors from a wide variety
of bacteria organize in arrays with hexagonal symmetry, which is plausibly explained by
a trimer-of-dimers receptor organization, our results demonstrate that the particular
packing arrangement seen in the trimer-of-dimers crystal is not present in a kinase-active
signaling complex. If it were, the interdimer 13C-19F distance would be 5.6 Å; instead it
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is found to be % 7.9 Å, or at least 2.3 Å (~40%) longer. The trimer-of-dimers interface
observed in the crystals is too small to be likely to be a physiologically relevant proteinprotein interface. For example, online analysis of the 1QU7 trimer-of-dimers coordinates
by PQS (protein quaternary structure) or PISA (Protein Interfaces, Surfaces and
Assemblies) both suggest that it is simply dimeric: the two trimer-of-dimers contacts
made by each dimer have interface areas of only 200-300 Å2, which correspond to
predicted values of #G for interface formation between -1.7 and -2.5 kcal/mol. These
values are similar to those found in a separate, obviously nonphysiological dimer-dimer
contact in the same crystal structure (431 Å2 and -1.5 kcal/mol). Therefore, invoking
even small distortions or dynamics in the structure, to make it consistent with the
measured 7.9 Å sphere of closest approach, would disrupt completely this already small
interface. Our data suggest that if receptors in functional arrays form trimers of dimers,
they pack together in some other arrangement not present in the crystal due to the
absence of binding partners and/or the rest of the receptor, either of which could lead to
the formation of nonphysiological crystal packing interactions. For example, our data are
consistent with the model of the signaling complex derived from the electron microscopic
analysis of kinase-active CF/CheW/CheA complexes 3. Although the resolution was
insufficient to determine subunit contacts, the electron density was consistent with a
functional unit comprised of three receptor dimers held separate from each other by the
bound CheA and CheW. The demonstrated functionality of the samples used in this
electron microscopy study and in our REDOR study indicate that these structures capture
the protein-protein interactions needed for kinase activity, even if they do not capture all
of the organization that occurs in the cell.
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In addition to the observed crystal packing, substantial biochemical evidence has
been invoked in support of the trimer-of-dimers interaction. The Parkinson lab in
particular has found a number of mutations near the cytoplasmic tip that interfere with
proper functioning of the receptor. When some of these mutations are introduced into one
receptor, e.g. the serine receptor, they interfere with the function of neighboring receptors
of different ligand specificity, i.e. the aspartate receptor.51,52 In other cases, a specific
mutation made to the second (aspartate) receptor can restore function to the first or both.
Although this clearly indicates some sort of coupling between the different types of
receptors, almost none of the perturbing- and rescuing-residues are predicted to be in
contact within the proposed trimer-of-dimers structure and some would lie 20 Å or more
distant from one another (tar414-tsr377). Such results are compatible with arrangements
of receptors dimers other than the trimer-of-dimers arrangement observed in the crystal
structure: for example, models in which the receptor dimers do not contact one another
directly, and are functionally coupled through mutual interactions with CheA and CheW.
Interestingly, a similar lesion-and-rescuing-mutation study sought to determine the
residues of the receptor that interacted with CheW 53, and implicated residues that map to
essentially the same face as the residues in the Tar-Tsr study. Thus, it may be that both
studies are probing the same underlying phenomenon: a physical association of a receptor
with CheW, which then, via this interaction, couples to neighboring receptor dimers.
Crosslinking data are also often cited in support of the occurrence of the trimersof-dimers structure in cells. Studdert and Parkinson treated cells expressing Cys mutant
receptors with a tri-functional crosslinking agent predicted to have the right spacer length
to react with all three cysteines in the trimer-of-dimers structure. They found that ~50%
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of receptors were crosslinked by the reagent, forming a mixture of trimers and dimers.
These data are consistent with the trimer-of-dimers model packing observed in the crystal
structure, but also—as the authors of the original work stated—with a variety of other
arrangements that might bring receptors close together

15

. While these crosslinking

results and the observation of hexagonal packing are both compatible with an
organization of receptor dimers as trimers, our data provide a high resolution test
indicating that such an organization of the kinase-active state does not occur via the
interface observed in the crystal structure.
Although our data also do not support the originally proposed hedgerow
arrangement of dimers

19

, the distinction is not as clear as it is for the trimer-of-dimers

crystal structure, because the measured distance is closer to the predicted distance (8.8 vs
8.0 Å). Interestingly, a structure reported recently

20

for a soluble chemoreceptor (with a

distorted structure within the dimer) also packs in hedgerows, but in a manner consistent
with our NMR constraint: the dimers within a hedgerow are rotated about 90˚ from their
position in the earlier hedgerow structure, such that the sites we probed would be quite
far from the interface and the distance corresponding to our NMR measurement would be
over 10 Å. The fact that a variety of dimer-dimer contacts are observed in the crystals,
including three that seem physiologically plausible, but also others that are clearly not
relevant, demonstrates the importance of devising a direct structural measurement to test
any proposed array model. The REDOR experiment reported here provides just such a
test, under conditions that capture (at a minimum) the structural determinants of CheA
kinase activation.
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Finally, this study is yet another example of how solid-state NMR can be used to
obtain high-quality structural information in systems that are both extremely complex and
biologically relevant. In studies of proteins as diverse as isomerases
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, peroxidases
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,

and cytochrome oxidases 46, combining biochemical assays with structural techniques has
been important to ensure that NMR analysis is being done on proteins in their functional
state. Our study also demonstrates that by employing a highly-focused, site-directed
strategy to minimize spectral complexity, solid-state NMR can be used effectively to
study a large multi-protein complex (multiple copies of the 33 kDa CF, 18 kDa CheW,
and 71 kDa CheA) representing one signaling state of a transmembrane receptor array.
This targeted strategy was sufficient to test and invalidate a specific structural hypothesis.
The biochemical optimization of the system has yielded narrower linewidths that make
this complex amenable to some high-resolution techniques. Such approaches are
increasingly being applied to systems of remarkable complexity, such as microtubuledynactin complexes
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and phospholamban-calcium ATPase complexes

56

. Future solid-

state NMR experiments—together with the wealth of structural data already available—
are a promising approach for obtaining a detailed picture of the intact signaling complex.
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2.5 Supporting information.
Dephasing time (Nr)
S0
S
!S/S0
4.4 ms (24 rotor cycles)
154315 ± 1868
146332 ± 2379
0.052± 0.020
8.0 ms (40 rotor cycles)
106588 ± 2101
95302 ± 2311
0.106 ± 0.046
11.2 ms (56 rotor cycles)
49270 ± 2777
41331 ± 2390
0.161 ± 0.075
Table 2.1. REDOR data for labeled minus unlabeled spectra of Asp receptor
cytoplasmic fragments in kinase active complexes with CheA and CheW. Labeled
samples contain 1-13C-Cys, p-F-Phe labeled Asp receptor cytoplasmic fragment;
unlabeled samples contain p-F-Phe labeled Asp receptor cytoplasmic fragment. Samples
are PEG-promoted assemblies without liposomes.Data are integrals of the carbonyl
resonance in difference spectra shown in Figure 2.7 (spectra B-D). Uncertainty in the S0
and S peak areas are the rms of the baseline in the difference spectra, times the square
root of the number of points in the integration. Uncertainties in DS/S0 are calculated by
error propagation.
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Figure 2.7. Selected spectra of Asp receptor cytoplasmic fragment in kinase-active
complexes with CheA and CheW. A. 11.2 ms S0 spectra for the labeled (red) and
unlabeled (black) samples after scaling. B-D, Labeled minus unlabeled S0 (red) and S
(black) spectra for 11.2 ms (B), 8.0 ms (C), and 4.4 ms (D). Stars identify spinning
sidebands of the carbonyl peak; daggers show the chemical shift of polyethylene glycol,
which gives a small artifact in the difference spectra.
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CHAPTER 3
TARGETED STRATEGIES FOR PREVENTING DENATURATION OF
PROTEIN SAMPLES BY SOLID-STATE NMR ANALYSIS
3.1 Introduction
Solid-state NMR has made increasing progress toward becoming a routine tool in
the determination of protein structures. One of the technique's stated strengths is its
ability to look at challenging proteins in their natural environments. Transmembrane
proteins have been examined within their native lipid environments;1 viral coat proteins
have been investigated in the context of intact phage particles.2 In point of fact, though,
analysis by solid-state NMR in and of itself poses several challenges to the maintenance
of native protein structure. Magic angle spinning subjects samples to high G-forces, and
depending on spinning speed and rotor diameter can introduce significant sample
heating.3-5 Experiments are often performed at low temperature, and so freezing-induced
denaturation may become an issue. Also, the high-intensity radiofrequency EM fields
applied for 1H decoupling can lead to substantial sample heating.4,6,7
Strategies exist for managing each of these challenges. Spinning speed can be
reduced if MAS produces unacceptable heating. Adding cryoprotectants or otherwise
altering sample conditions may protect against freeze-related damage; otherwise it may
be possible to alter the freezing conditions (i.e. freezing more quickly) to minimize the
damage. For coping with RF induced heating, many strategies exist. The RF power itself
can be reduced, by lowering either the nutation frequency or duty cycle. The use of
special coils with smaller electric fields can substantially lessen the heating, if access to
an appropriate design is available. Alternately, the sample composition may be
manipulated to lower the (complex) dielectric constant. Lastly, manipulations may be
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used to increase active cooling of the sample, perhaps by increasing the flow rate or
decreasing the temperature of the cooling gas.
Each of these strategies has a tradeoff in performance and/or invested effort,
however. Ideally one would have a method for assessing which if any factors are
contributing to protein instability, and a targeted strategy for addressing them.
Addressing the issue through trial and error is likely to be inefficient at the least.
Preparing proteins in the quantities required for solid-state NMR is time consuming and
costly. Preparing a new sample and potentially sacrificing it, each time a variable is
changed to try and preserve sample integrity, may be prohibitively expensive.
Here we report a successful strategy to prepare a multi-protein, membraneassociated enzyme complex in such a way as to be robust against spectrometer-related
protein denaturation. We believe the strategies we devised are broadly applicable and
may prove useful in characterizing other challenging systems; such strategies will
become increasingly important in the future, if the field of solid-state NMR is to graduate
from the small and highly-stable proteins that have thus far been its mainstay. We used
two assays to parse, as well as possible, the different factors contributing to the loss of
protein function. With the first assay, we addressed those aspects of the protein
denaturation due solely to the freezing of the sample, and not to subsequent heating in the
instrument. Here we developed a protocol to slowly freeze protein samples much smaller
than those needed for NMR. This allowed us to prepare the enzyme complex in a variety
of buffers, and to use an established biochemical technique to test the activity retained in
each case. In the second assay, we used a chemical shift thermometer to measure the
temperature within a spinning MAS rotor. By choosing an appropriate shift compound,8
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we were able to measure the temperature under a variety of conditions; this allowed us to
separate spinning-induced heating from RF-induced heating, and to establish how sample
composition affected their magnitudes.

3.2 Templated chemotaxis signaling complex is an NMR-sensitive enzyme complex.
We prepared samples of vesicle-templated chemotaxis signaling complex.9,10 In
bacterial cells, the signaling complex is responsible for sensing the level of nutrients in
the cell's environment and, indirectly, altering the cell's behavior so that it swims toward
higher concentrations of such. The output of the system is the activity level of the kinase
CheA. When it is active, this enzyme transfers a phosphate group from an ATP molecule,
first to a histidine residue on a neighboring CheA in the complex, and then to a diffusible
second-messenger protein. However, by itself CheA is inactive. It becomes activated on
binding the other components of the complex: a transmembrane receptor, responsible for
binding the nutrient in the periplasm, and a scaffolding protein, CheW, that mediates the
interaction between receptor and CheA. In a vesicle-templated signaling complex,10,11 the
intact transmembrane receptor is replaced by its soluble, his-tagged cytoplasmic
fragment. This fragment is initially unable to bind CheA and CheW effectively, as it
lacks the two-dimensional pre-organization the membrane provides in the intact complex.
However, two dimensional order can be restored by adding “templating vesicles.” These
contain a lipid covalently linked to a Ni-NTA group as a means of interacting with the
receptor fragment (through its His-tag), as well as a “helper” lipid to dilute the Ni-NTA
groups to the proper two-dimensional density. Restoring the order this way also restores
CheA activity.
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The resulting mixture is a good model of the intact signaling complex, which
makes it an ideal target for selected solid-state NMR distance measurements that address
key structural questions on the functional complex. We prepared appropriately labeled
proteins and assembled them as originally described. We measured the kinase activity of
CheA with a biochemical assay, pelleted the vesicle-associated signaling complex, and
performed our REDOR experiment. Following completion of the REDOR experiment we
resuspended the sample and remeasured the kinase activity, only to find that it had been
completely lost. (Table 1). The loss of activity is most likely due to one of the
aforementioned mechanisms: denaturation induced by the initial freezing, or else
subsequent damage by RF- or spinning-induced heating. These initial experiments
demonstrate the need for efficient methods to find sample conditions that are compatible
both with NMR experiments and with full functionality of the protein complexes.

3.3 Biochemical assays identify cryoprotectants for slow freezing.
To test how samples performed when challenged with slow freezing similar to
that experienced in the spectrometer, but to do so in a way that allowed us to screen many
conditions rapidly, we devised the following assay: Small scale samples (1/400th the size
of an NMR sample) were prepared in various buffers. An aliquot of each was tested for
kinase activity, using an established method.12,13 The remainder was pelleted, and the
supernatant removed. The centrifuge tube containing the pellet was sealed with parafilm
and placed in a room-temperature ethylene glycol/water bath, which was then placed in a
-80 °C freezer overnight; the supernatant was frozen with liquid nitrogen and stored at 80 °C. The next day the supernatant was thawed and used to resuspend the pellet; the
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mixture was then immediately checked for kinase activity. Data obtained this way are
shown in Figure 3.1, in columns labeled “freeze.”

Figure 3.1. Activity retention following slow freezing: effect of cryoprotectants.

Figure 3.2. Activity retention following slow freezing: effect of buffering agent.
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With no cryoprotectant present, our protein complex faired poorly in this assay
(no detectable activity retained). The addition of DMSO was found to afford modest but
incomplete protection (56% activity retained). Additionally—since DMSO was present in
our initial NMR sample, whose complete loss of activity following NMR analysis (Figure
3.1) instigated this study in the first place—loss of activity through slow freezing does
not account for the whole activity loss observed when DMSO-protected samples are
subjected to REDOR conditions. We also found that (in the presence of DMSO), using
phosphate buffer in the place of Tris led to the retention of more activity upon freezing
(see Figure 3.2). We attributed this to the smaller pH dependence on temperature of
phosphate buffers relative to Tris;14 and, as this seemed likely to be generally the case,
we focused subsequent investigations on phosphate-buffered samples. After investigating
several cryoprotectants, one—a mixture of polyethylene glycol 8000 and trehalose—
demonstrated promise. After optimizing the concentrations used (finally settling at 7.5%
w/w PEG and 4% w/w trehalose), the sample was effectively fully protected against a
single round of slow freezing.

3.4 Selection of Sm2Sn2O7 as a non-perturbing shift thermometer.
A number of chemical shift thermometers have been reported in the literature. We
sought one that could be added to our sample—an aqueous slurry of buffer, lipids, and
protein—and accurately report on the sample temperature, without significantly altering
how the sample heated. We chose the compound Sm2Sn2O7 because of its large shift
dependence on temperature, and also because it is insoluble in water.8 The latter quality is
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important to avoid perturbing the heating properties of the sample. The majority of the
chemical shift thermometers that have been described are water-soluble ionic
compounds. (KBr, PbNO3, SmAc3, TmDOTP).4,15-17 Added to aqueous samples, they
dissolve. This has two consequences. First, it increases the ionic strength of the sample,
which increases the degree to which the sample is heated by radiofrequency electrical
fields.7 Second, it will lower the melting point of the sample through colligative effects.
This has the possibility to directly affect how much protein denaturation occurs. It may
also substantially change the rate at which the sample absorbs heat (as RF-induced
heating of liquid aqueous salt solutions is much greater than that of solid ones).
The use of Sm2Sn2O7 may prove difficult in some cases, as it requires that the
probe to be used can be tuned to the resonant frequency of

119

Sn. Where this poses a

difficulty, other shift compounds could be used. The 79Br chemical shift of KBr has been
shown recently to be temperature-dependent, and the resonant frequency of this nucleus
is close to that of 13C, making it compatible with many probes used for protein NMR.4
However, as it is a water-soluble compound, it must be kept separate from the sample of
interest. This involves some special equipment in its own right; also, the reduced contact
area with sample may reduce the accuracy of the temperature measurement. Sm2Sn2O7
also has the advantage of a short longitudinal relaxation time (T1), which allows for rapid
pulsing and thus time-resolved heating data (see below for details).

3.5 MAS-induced heating is minimal at slow spinning speeds.
The desired MAS speed for a given experiment will depend on the details of the
experiment, as well as the equipment available. In the case of the REDOR experiment
that damaged the chemotaxis signaling complex, the spinning speed was 5 kHz. To
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determine how this was likely to influence sample temperature, we packed an MAS rotor
with Sm2Sn2O7 and spun it at 5 kHz. A 119Sn spectrum was obtained with a simple 90observe experiment, using a minimum of power and introducing little heating from
electromagnetic radiation. The measured chemical shift was converted to a temperature
using the appropriate equation.8 We then did the same at a number of different
temperatures, as defined by the measured temperature of the temperature control gas. The
results are plotted in Figure 3.3.

Figure 3.3. Temperature setpoint (“nominal”) versus actual sample temperature
(“calculated”).
It can seen that MAS spinning induces little heating in the sample. Near room
temperature, where MAS-induced heating is isolated from other perturbing influences,
the shift-measured temperature is only ~2º C higher than the temperature setpoint. This is
consistent with what others have found at similar spinning speeds with similar-sized
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rotors.4 (The larger the rotor diameter, the greater the velocity at its edge for a given
speed; hence, higher friction and more heating.) Spinning more slowly, therefore, is
unlikely to lead to any gains in enzyme activity retention.
It is further instructive to note how the actual, shift-measured temperature in the
sample changes in response to changes in the VT air temperature. Here other factors
come into play. Over the range of temperatures measured, the actual temperature is a
linear function of the VT gas temperature, but with a slope less than one. This is probably
due to the details of the instrumentation we used. In our probe, the VT gas is a separate
stream than the MAS bearing and drive gases, and is the only one of the three streams
which is actively temperature-controlled; the other two remain at approximately room
temperature. The total volume of air blown into the stator, assuming it mixes well, has a
temperature that is an average of the VT controlled and room temperature components,
weighted by their relative volumes. This is a common feature of probes manufactured by
Varian, and so is a feature of many systems in use today. It is a design element meant to
deconvolute spinning and VT performance, and not inherently detrimental to
performance. However, it is useful to know the size of the discrepancy between the VT
setpoint and the actual temperature experienced by the sample; this can be a great aid in
the proper VT setpoint for a particular sample, or for tailoring sample composition to suit
the minimum obtainable temperature on a given instrument.
RF-induced heating in biochemically-only optimized sample is substantial.
MAS is not the only contributing factor to sample heating. The other likely
source of instrument-induced heating is the electric field generated by the solenoid.
Solid-state NMR uses strong radiofrequency magnetic fields to manipulate nuclear spins,
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particularly when protons are being decoupled. In most spectrometers these are
accompanied by substantial electric fields, also oscillating at radio frequencies, which can
accelerate ions and dipoles in the sample and so lead to heating.

Figure 3.4. Modified REDOR sequence for measuring sample temperature under
RF load: TCUP-REDOR.
To test how much RF-induced heating might be occurring in a given sample, we
devised an experiment that let us monitor the temperature inside the sample (using a bit
of of Sm2Sn2O7 doped into the relevant sample) while applying a pulsing scheme similar
to that which would be used in a real experiment. The experiment consists of modifying
the pulse sequence of interest by removing all the pulses on the observed channel; these
are then replaced by a series of closely-spaced 90-observe experiments on the

19

Sn

channel. We refer to this strategy as TCUP (for Temperature Calibration Under Pulseload), and it can be applied to any extant pulse program. The example of a TCUPmodified

13

C-19F REDOR experiment is shown in Figure 3.4. The rapidly repeated

observations are possible because the paramagnetic Sm2Sn2O7 has a very short T1.
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Pulsing this way allows signal to be acquired more quickly, cutting down on the
experiment time and/or the amount of Sm2Sn2O7 that needs to be added to the sample
(excessive amounts of which may perturb the sample conditions under investigation).
With care, it also allows the sample temperature to followed with a high degree of time
resolution; for more on this, see below.
The TCUP experiment can then be performed on a simplified, sacrificial sample.
For application to the chemotaxis signaling complex, we constructed samples as follows:
templating vesicles and receptor fragments were incubated in the prescribed buffer,
pelleted, and mixed with Sm2Sn2O7 to form the sample. This circumvented the need for
including CheA and CheW, as well as the need to isotopically enrich the receptor
fragments, which are the principle factors contributing to the cost of the sample. In
systems where inclusion of even a single, unenriched protein component is unduly costly,
simply using the buffer of interest may be sufficient to address the question of how much
heating will occur in eventual protein-containing sample.
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Figure 3.5. Heating of sample in different buffers, under different RF loads.
We performed this analysis under two conditions identified in the slow-freezing
assay as having potential to generate robust NMR samples, under a variety of
temperatures and RF irradiation schemes. The base sample temperature at each
temperature set point was first assessed by performing a simple

119

Sn 90-observe

experiment (Figure 3.5, blue symbols), which introduces a minimum of energy into the
sample. These temperatures agreed well with those derived from the temperature
calibration experiment using a sample of pure Sm2Sn2O7 (Figure 3.33). We then used the
TCUP-REDOR experiment to measure the sample temperature under REDOR
conditions. Little heating was observed when 1H decoupling was omitted (Figure 3.5, red
symbols). However, in the presence of 1H decoupling, samples reacted differently
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depending on the makeup of their buffer. Samples containing DMSO as a cryoprotectant
heated ~18 °C, even at the lowest obtainable temperatures (Figure 3.5, green circle).
Samples prepared using PEG and trehalose as cryoprotectants displayed different
behavior; little heating was observed at low base temperatures (~5 °C at -35 and -45 °C).
However, as the base temperature was increased, more heating was seen upon application
of 1H decoupling ( > 10 °C heating at -28 °C; Figure 3.5, green Xs).

Figure 3.6. Matter-phase dependence of RF induced heating. 119Sn spectra of 150
mM KCl at initial temperatures of (A) 6 °C or (B) -38 °C. The liquid sample heats,
which causes a chemical shift change, while the solid sample does not.
This is likely a result of the matter phases present in the samples, as the heating at
a given initial temperature correlates with the anticipated fraction of sample expected to
be liquid at that temperature. Ions in liquid solutions are more mobile than in solids,
which allows them to respond more strongly to oscillating electric fields and so absorb
more heat. This is illustrated by the heating behavior of a 150 mM KCl solution in the
spectrometer (see figure 3.6). At 6 °C, where the sample is fully liquid, the application of
1

H decoupling pulses leads to dramatic heating. In contrast, when the sample is cooled to

-38 °C, and the sample is fully frozen (H2O/KCl eutectic temperature = -10.7 °C), the
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application of 1H decoupling results in no detectable temperature change. DMSO forms
very low freezing-point mixtures with water (-63 °C, for the pure 2-component system at
its eutectic composition), and so a portion of the sample prepared with it was likely liquid
even at the lowest temperatures we could achieve.18 The melting point for a water/PEG
eutectic mixture, on the hand, is much higher: in the area of -15 °C, with some
dependence on the molecular weight of the polymer.19 The inclusion of other
components—salts, buffering agents, etc.—can of course have further impacts on the
sample freezing temperature. The fact that significant heating was observed in our PEG
samples even at -28 °C demonstrates the importance of measuring heating under the
conditions of interest.
The combined effects that salt content and freezing point depression exert on the
heating of the sample by RF pulses may not be widely appreciated. Samples of
substantial ionic strength, but pulsed at temperatures where they remain solid, should
experience relatively heating. Samples that are liquid, yet contain little salt, should also
incur little heating. (Although, at very high spectrometer operating frequencies, the
electric dipole of liquid water itself may contribute to RF-induced heating—see
http://www1.lsbu.ac.uk/water/microwave.html for a clear but detailed account of the
properties of water.) However, samples that contain salt and that have at least some
portion of the sample remaining liquid at the temperature at which they are assayed can
be expected to heat substantially. This is interesting because, in other fields such as x-ray
crystallography or tissue biology, molecules like DMSO and various polylols are used as
cryoprotectants. Indeed, in our sample DMSO provided partial protection against freezing
damage, when no RF pulses were applied. However, these compounds are usually added
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in the context of samples that are taken to liquid nitrogen temperatures, and which do not
experience RF irradiation. Many of the chemicals used as cryoprotectants in those
contexts either freeze, or form mixtures with water that freeze, at temperatures that are
difficult to maintain with standard SS-NMR instrumentation. If the samples also contain
salts, then the application of RF pulses can be expected to heat the sample, thereby
melting a larger portion of the sample, so increasing its heat absorption, and so on,
leading to run-away temperature deregulation.
Examples exist in the literature of solid-state NMR experiments performed on
samples containing traditional, low-melting point cryoprotectants. The Tycko lab has
performed many experiments in ~50% glyerol/water mixtures (eutectic freezing point ~40 °C, glass transition ~-70 °C),20,21. However, in these cases, custom-built
instrumentation was used to keep the sample unusually cold (~-150 °C).
In the end, the assay reported here—using the chemical shift thermometer to
assay the degree of heating in the buffer—is the best way to ensure that the buffer
conditions are NMR compatible. A working knowledge of the relationship between
cryoprotectants and salt concentrations may help rationally identify candidate conditions,
but it is best to screen them empirically before committing to using large portions of
precious proteins.

3.6 RF-induced heating is cumulative rather than instantaneous.
Because of the way the TCUP-REDOR experiment collects temperature data
(with many 119Sn spectra over the course of a single REDOR sequence), we were able to
measure whether the temperature rises slowly over many pulses, or spikes quickly with
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each decoupling pulse and then cools again in the interim before the next one. A long
recycle delay is used (15s), allowing the sample to return to thermal equilibrium between
each REDOR sequence. Each

119

Sn FID is signal averaged, but only with the

corresponding FID in the subsequent REDOR sequence (ie, 15s later), and not with the
FID immediately following within a single REDOR sequence. In this way a series of
119

Sn FIDs are acquired, each one reporting on the temperature at a particular elapsed

time into a single REDOR experiment. These data are plotted in Figure 3.7. The red line
at the bottom of the figure indicates that portion of the experiment during which 1H
decoupling is active; acquisition of

119

Sn spectra continued well beyond the period in

which data would be collected in an unmodified REDOR experiment, and would have
continued further but that the number of points storable on the spectrometer computer
became limiting.
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Figure 3.7. Instantaneous heating of sample under pulse load.
The data show that the sample heats rapidly during the 30 ms of applied 1H
decoupling, but only by ~1.5 K. The sample then cools very slowly during the recycle
delay, over time scales our pulse program was not equipped to measure. This implies that
the large amounts of heating observed in Figure 3.6 are not due to rapid temperature
cycling of the sample over the time scale of a single REDOR pulse sequence; rather, they
are the cumulative results of many such pulses, repeated too quickly for the sample to
return to thermal equilibrium between them. Thus the heating of the sample is attributable
at least as much to ineffective removal of heat by the cooling system, as it is to excessive
absorption of heat by the sample. To date, most schemes to mitigate RF induced heating
have focused on limiting the absorption of heat, either by limiting salt content in the
sample or by constructing coils that produce smaller electric fields for a given magnetic
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strength.7,22,23 However, the data presented here imply that improving the performance of
the cooling system may be at least as effective. We suggest that simply increasing the
flow rate of the cooling gas could substantially improve performance (although this itself
is not entirely without engineering challenges). Alternatively, the design of the rotor
could be changed to improve heat-exchange characteristics; materials with higher heat
conductivity could be used, the walls thinned, or the surface area increased. Experiments
following up on these hypotheses have not been performed, but are suggested for the
future.

3.7 Combined biochemical assay and heating study correctly identify robust
conditions for SS-NMR.
Both the small-scale biochemical assays of slow-freezing induced damage and the
Sm2Sn2O7-monitored heating experiments suggested that a sample containing PEG 8000
and trehalose should be protected against analysis by solid-state NMR. We therefore
prepared a large-scale sample of the chemotactic signaling complex, assayed an aliquot
of it for kinase activity, then pelleted the complex and subjected it to a 13C-19F REDOR
experiment (the results of which are discussed in Chapter Two). When this experiment
was complete, a portion of the sample was removed from the rotor and weighed. It was
then resuspended in the appropriate volume of the sample supernatant (which had been
frozen as described in the section on biochemical assays), chosen so as to set the
concentration of signaling complex equal to its concentration before the sample was
pelleted. The resuspended sample was then assayed for kinase activity; the data are
shown in Figure 3.1. The activity was less reproducible than in the small-scale samples,
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as seen in the error bars shown in Figure 3.1; this is likely due to the difficulty of
homogenously resuspending the sample. However, by taking the average of several such
(five) assays, it is seen that the activity is essentially the same as before the NMR
analysis.
Thus the combination of methods described here was sufficient to identify nondestructive conditions for solid-state NMR experiments, without resorting to the
construction of expensive samples under as-yet unproven conditions. Such optimization
is important for solid-state NMR applications to complex systems under functional
conditions, which may require significant salt concentrations for example. Applying these
methods to other proteins, for which similar conditions have not yet been identified,
should greatly decrease the difficulty of initiating research programs into new and
exciting fields.
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CHAPTER 4
DESIGN AND CHARACTERIZATION OF A CALIXARENE INCLUSION
COMPOUND FOR CALIBRATION OF LONG-RANGE CARBON-FLUORINE
DISTANCE MEASUREMENTS BY SOLID-STATE NMR
4.1 Results and Discussion
REDOR (Rotational Echo DOuble Resonance) is a solid-state NMR technique for
measuring internuclear distances.1 Carbon-fluorine REDOR in particular is a powerful
tool for studying macromolecules and supramolecular complexes due to its long effective
range; literature reports include a >10 Å distance measured in drug-bound microtubules
with sub-Angstrom accuracy.2 Fluorine also represents a convenient handle on which to
pin such measurements in some of the most interesting classes of organic compounds: it
is a natural reporter in many drugs and polymers, and can be site-specifically introduced
biosynthetically into proteins3 and chemically into DNA.4

Figure 4.1. The REDOR pulse sequence. The number of rotor cycles of dipolar
dephasing, n, can exceed 64 for long distance measurements, making it critical to
determine whether cumulative pulse imperfections compromise the accuracy of such
measurements.
However, to measure long distances the REDOR pulse sequence (Figure 4.1)
requires long evolution times and many pi pulses. Consequently it can be compromised
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by small missets of the pi pulse tip angle, which may result from B1 field inhomogeneity
(not all parts of the sample experience an equivalent pi pulse), instrumental drift, or
miscalibration. This issue has long been recognized, and modifications to the pulse
program have been proposed that make it more robust.5-7 Ideally the pi pulses should be
calibrated as precisely as possible, and then the REDOR performance should be validated
in a control experiment on a standard compound. A suitable compound should have three
characteristics. First, it should have a

13

C-19F spin pair with known dipolar coupling.

Second, the dipolar coupling should be weak so that the observed

13

C spin dephases

slowly enough that the same number of pi pulses are used in the control and the
experiment; this ensures that pi pulse errors contribute equally to both. Third, the spin
pair should be sufficiently isolated that it behaves as a two-spin system; this allows the
REDOR curve to be fit to an analytical expression, giving a quantitative measure of the
recoupling performance. The latter can be difficult to achieve in the case of fluorine. For
other pairs of isotopes, this is routinely achieved by preparing an isotopically labeled
molecule and diluting it in unlabeled material (e.g, 13C, 15N glycine in unlabeled glycine
for carbon-nitrogen REDOR). However, because 19F is the only stable isotope of fluorine,
simple self-dilution is not an option.
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Figure 4.2. The host-guest inclusion compound. Guest 4-fluorotoluene carbons green,
host tert-butylcalix[4]arene carbons black, oxygen red, fluorine cyan. (A) A single hostguest pair. Arrows indicate the dynamics as extracted from NMR (see text). The star
indicates the most useful carbon atom for calibration of long-distance REDOR (see
Fig.3). (B) Orthoscopic view of packing interaction within the crystal. Alternating rows
are displaced slightly within the plane of the page.
Instead, we turned to the tools of supramolecular chemistry to produce large,
well-characterized molecular complexes with well-separated

19

F nuclei. Calixarenes are

well-studied macrocyclic compounds with central cavities known to be useful for
incorporating smaller molecules; they have been investigated as potential sensors8 and
controlled chemical-release agents.9 Here we make use, instead, of their substantial bulk
and their tendency to form predictably structured, well-ordered crystals. We used tert66

butylcalix[4]arene to encapsulate and separate smaller, fluorine-containing molecules
with moderately long 19F-13C distances.
tert-butylcalix[4]arene was incubated in a 70 °C water bath with excess 4fluorotoluene and cooled to give crystals of the compound of interest. These materials are
commercially available and inexpensive, and so the standard compound is readily
accessible to laboratories without expertise in synthetic chemistry. The structure was
solved by X-ray diffraction and is shown in Figure 4.2. The calixarene host forms an
extended molecular framework with regularly spaced cavities (Figure 4.2). The
fluorotoluene guest inserts into these cavities, with the methyl peak pointing back toward
the body of the host and the fluorine pointing away. This orientation is confirmed by the
13

C NMR spectrum: the guest methyl peak appears ~5ppm upfield from its chemical shift

in solution, due to its interaction with the ring currents of the host aromatic rings. This
confirms a prediction about the structure that we made based on previous studies.
Brouwer et al. studied the inclusion compound of tbuty-calix[4]arene with toluene and
found that the guest inserted primarily with the methyl peak pointed toward the host, but
that 10% inserted in the opposite direction.10 A similar tendency in the fluorotoluene
compound would have introduced heterogeneity into the system, and complicated
interpretations of the data. However, Enright et al. investigated the properties of inclusion
compounds with fluorine-substituted benzenes, and found that fluorine atoms display a
strong preference to point out of the calixarene cavity.11 Based on this, we predicted
(correctly) that including a fluorine atom para to the methyl group would drive the
toluene to insert wholly in the preferred direction.
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The fluorotoluene guest does display some disorder: the crystal structure shows it
occupying two different positions, rotated by 90° about the 4-fold axis, and it has
substantially larger temperature factors than most of the host. Previous studies of the
inclusion compound with (deuterated, non-fluorinated) toluene found a similar disorder,
which is dynamic rather than static and consists of two different types of motions: rapid
rotation of the guest molecule around its own axis of symmetry, and the reorientation of
that symmetry axis within the cone-shaped cavity of the host.10,12 The disorder in the
fluorotoluene compound reported here is also dynamic, as demonstrated by a

19

F

chemical shift anisotropy that is much smaller (anisotropy = 6.4 ppm) and more
symmetric (& = 0) than expected for a static aromatic fluorine. Using static CSA
parameters determined13 for a similar compound (parafluorophenylalanine, anisotropy =
75 ppm, & = .67), we can quantitatively model the motion of the guest (see supporting
information). The averaged 19F CSA parameters are consistent with a motional model in
which the fluorotoluene guest rapidly reorients around its axis of symmetry, and this axis
itself reorients within the host cavity to sweep out a cone with a half-angle of 35°. The
corresponding angle in the toluene inclusion compound was found to be 8° or 11°, by
NMR;10,12 Xray diffraction of the monofluorobenzene compound suggested disorder
within a cone with a half-angle of 78°.11 The angle for fluorotoluene is midway between
that for toluene and fluorobenzene, which likely reflects competing effects of sterics and
electrostatics associated with the methyl and fluoro substituents. The methyl group
introduces steric bulk, which limits the mobile range of the guest. The electronwithdrawing nature of the fluorine atom, on the other hand, should favor tilting of the
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guest to allow interactions between the electron-deficient guest aromatic rings and the
electron-rich host rings.

Figure 4.3. REDOR data for the useful 13C atom. (Marked with a star,inset). The
nearest (4.08 Å) fluorine is shown as cyan sphere; the next nearest (9.16 Å) fluorines,
from neighboring guest molecules, are blue spheres. REDOR pulse sequence shown in
Figure 4.1 was used, but with pi pulses shifted from 0.5Tr to 0.15 Tr (rotor period).
With the crystal structure showing the average position of the atoms, and a
working knowledge of the dynamics in the compound, multi-spin REDOR curves can be
simulated for different carbon atoms in the compound. The experimentally obtained
REDOR data agree very well with simulated curves that include a 33° cone motion,
indicating that the guest dynamics are adequately captured by the model derived from the
19

F CSA. (The slight discrepancy in the cone half-angle we attribute to

fluorophenylalanine being an imperfect model of the static

19

F CSA parameters for this

compound.) The site with the weakest 13C-19F dipolar coupling that behaves as a simple
two-spin system is the guest aromatic carbon para to the fluorine, marked with a star in
Figure 4.2, as demonstrated by the equivalence of predicted curves in Figure 4.3 for
dephasing due to a single fluorine vs the 5 nearest fluorines. The dipolar coupling
between this carbon and the fluorine in the same molecule is 323 Hz (417 Hz for the 4.08
Å carbon fluorine distance, reduced 23% by the motional averaging of the guest). The
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REDOR data shown in Figure 4.3 are obtained using a “shifted” version of the REDOR
pulse program (the pi pulses are shifted away from the center of the rotor period) that
recouples only a fraction of the dipolar coupling, which allows longer evolution times
and so more pi pulses.14 The data are in excellent agreement with the predicted dephasing
curve for up to 64 rotor periods of dephasing (128 pi pulses). This dephasing curve is
equivalent to that expected for a 100 Hz coupling or 6.6 Å distance. Use of a more
pronounced shift or higher spinning speed can likely extend this out to 128 rotor cycles,
as needed to test accuracy of even longer distance measurements.
The fluorotoluene calixarene inclusion compound is useful not only for evaluating
the performance of a REDOR experiment with a certain number of pi pulses, but also for
quickly and easily calibrating the pi pulses to be used. Narrow, high signal-to-noise
fluorine spectra of the compound can be acquired without proton decoupling, since the
engineered fluorine-diluteness minimizes
attenuates both the

19

19

F-19F couplings and the motion of the guest

F CSA and 1H-19F dipolar couplings. This allows the

19

F nutation

frequency at a given RF power level to be determined in a fluorine-observe experiment.
The pi pulse duration can then be fine tuned using a REDOR experiment, by choosing the
pulse length that gives maximum dephasing. As described above, the more pi pulses
used, the more sensitive this experiment is to slight errors in the pulselength. The number
of pulses that can be used is maximized by both a weak
minimize signal loss to dephasing) and a long T2* of the

13
13

C-19F dipolar coupling (to

C atom being observed (to

minimize signal loss to relaxation during the REDOR evolution time). The methyl groups
of the calixarene host have a very long T2* (114 ms), most likely due to dynamics as
reported for similar inclusion compounds.10 As a result, many rotor cycles of dephasing
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can be used in the pi pulse calibration experiment, rendering it sensitive to small tip angle
missets, without greatly reducing the sensitivity of the experiment. Combined with the
fact that this is the highest-signal peak in the NMR spectrum (there are 12 equivalent
atoms per host/guest pair), this means the pulse length can be calibrated quickly. Figure
4.4 shows the results of such a calibration experiment: the percent dephasing of the host
methyl peak is plotted as a function of the duration of the 19F pi pulse. This data shows a
clear maximum and was collected with only 32 scans per S/S0 pair on a 300 MHz
instrument; the entire experiment was completed in 15 minutes.

Figure 4.4. Percent dephasing of the host methyl peak as a function of the 19F pulse
duration. Sixty-four rotor periods of dephasing were used, with a “shift” of 0.16.
We have characterized the structure and dynamics of the 1:1 inclusion complex of
4-fluorotoluene and tert-butylcalix[4]arene and demonstrated its utility for optimization
and calibration of REDOR measurements of long 13C to 19F distances. This inexpensive,
easily synthesized supramolecular complex makes it possible to test spectrometer
performance for distance measurements using as many as 128 or more pi pulses. REDOR
variations proposed to compensate for imperfect pulses appear to be unnecessary under
our experimental conditions. However, one limitation of the inclusion compound is that
the guest dynamics average the

19

F CSA so that it does not test for possible REDOR

71

errors due to large chemical shift anisotropies. It may be possible to design an inclusion
complex with another aromatic fluorinated small molecule guest that has restricted
motions to provide a better test of REDOR performance in cases with large fluorine
anisotropies. Previous tests of carbon fluorine REDOR often employed 4-Ffluoropolycarbonate, in which the internuclear fluorine to resolved carbon distance is
only 2.4 Å.14 Although the strong dipolar coupling makes it possible to test dephasing
accuracy only to 48 pi pulses (24 rotor cycles), which is insufficient to test performance
for long distance measurements, 4-F-polycarbonate can be used for testing the effects of a
large
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F chemical shift anisotropy on the experiment. Validating the accuracy of

REDOR measurements of long distances is critical to applications which to date have
included determining the structure of polymeric nanoparticles loaded with small
molecules15, cell-wall oligosaccharides in complex with antibiotics16, and microtubulin
bound to paclitaxel14; the work presented here paves the way for even more applications
in the future.

4.2 Supporting Information
4.2.1 Compound preparation
4-tert-butylcalix(4)arene and 4-fluorotoluene were purchased from Sigma-Aldrich
and used as received. 100 mg of 4-tert-butylcalix(4)arene was placed in a vial with excess
(~5 mL) 4-fluorotoluene and incubated overnight in a 70° C water bath. To obtain larger
crystals, the vial was repeatedly heated to 70° C and cooled slowly to room temperature.
Solid crystals were filtered extensively to remove any excess guest/solvent (though the

72

presence of some unincorporated solvent should not affect the experiments if
crosspolarization is used.

4.2.2 Xray crystallography
The crystal structure was solved by the UMass X-Ray Structural Characterization
Laboratory.

4.2.3 NMR
All experiments were performed at 25 ºC on a Varian Infinity Plus spectrometer
operating at 300.1 MHz 1H frequency. Samples were packed in standard rotors with
Vespel spacers to allow background-free detection of 19F. A slow-speed spinning (2 kHz)
19

F spectrum of the inclusion compound was obtained with 50 kHz proton decoupling

(Figure 4.5).
13

C observed spectra (both CP and REDOR) were acquired at an MAS rate of 6

kHz, as this minimized spectral overlap with spinning sidebands; 1H decoupling was 100
kHz for CP spectra and 85 kHz for REDOR. Chemical shift referencing for 13C was done
with an external adamantane standard, with the adamantane CH2 shift taken to be 38.48
ppm relative to tetramethylsilane.17 Pi pulse widths in REDOR experiments were 10.0 µs
for 13C and 6.3 µs for 19F. The REDOR pulse sequence used a single 13C refocusing pulse
and XY8 phase cycling of the 19F dephasing pulses.18 Assignment of the peaks in the 13C
spectrum (Figure 4.6) is based on previously assigned shifts for 4-fluorotoluene in CDCl3
(Spectral Database for Organic Compounds, http://riodb01.ibase.aist.go.jp/sdbs/cgibin/cre_index.cgi?lang=eng) and for the inclusion compound of tert-butylcalix[4]arene
with toluene.10
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Figure 4.5. Slow-speed spinning 19F spectrum of the inclusion compound.
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Figure 4.6. Cross-polarized 13C spectrum of the inclusion compound. Small,
unmarked peaks are spinning sidebands.

4.2.4 19F CSA and dynamics
The CSA parameters were extracted from spinning sideband intensities by the
Herzfeld-Berger method19 using the software HBA (HBA ver. 1.4, K. Eichele, R. E.
Wasylishen, Dalhousie University, 2001). Principle components were: '11 = 3.096 ppm,
'22 = 3.096 ppm, '3 3= -6.191 ppm. The fits were found to be somewhat dependent on
initial conditions, with the “rho” or skew parameter being more sensitive than the “mu”
or span.
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According

to

Hiyama

et

al.

the

chemical

shift

parameters

for

4-

fluorophenylalanine are '11 = 75 ppm, '22 = 0 ppm, and '33 = -50 ppm, with '22 oriented
along the C-F bond, '33 perpendicular to plane of the aromatic ring, and '11 perpendicular
to the other components.20 We assume these values and orientations are a suitable model
of the static CSA for the 4-fluorotoluene guest in our inclusion compound. Rapid rotation
around the C-F bond axis would average '11 and '33, leading to a new, axially symmetric
CSA pattern where '11 = '22 = 12.5 ppm and '33 = 0 ppm, with '33 oriented along the C-F
bond and '11 and '22 perpendicular. Expressed relative to the new isotropic shift, these
values are '11 = '22 = 4.167 ppm and '33 = -8.33.
The measured CSA components for the inclusion compound are 74% of the
values predicted for rotational averaging of the fluorophenylalanine ring, suggesting the
fluorotoluene undergoes an additional motion that further reduces the CSA. For a second
rank tensor such as the CSA, isotropic motion within a cone with a half angle of ( scales
all of the components by a factor of (1 – cos3 ()/[2 * (1 – cos ()]21 A cone with a half
angle 35° provides a scaling factor of 74%. Therefore, the motionally averaged 19F CSA
of the fluorotoluene guest in the inclusion compound can be accounted for by rapid
rotation around the guest molecule's internal axis of symmetry, along with the
reorientation of that axis in a cone with a half-angle of 35°. We conclude that this is
consistent with the REDOR-derived angle of 33°; the slight discrepancy is likely due to
p-fluorophenylalanine being an imperfect model of the static CSA parameters of pfluorotoluene.
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4.2.5 REDOR data
13

C-observed,

19

F-dephased REDOR data were obtained for the inclusion

compound. Data obtained using the full coupling REDOR sequence (dephasing pulses
centered in the rotor cycle at 0.5 Tr) were used in modeling slow-dephasing nuclei. For
more quickly dephasing sites, a REDOR pulse sequence with dephasing pulses at 0.15Tr
was used because it recouples only a fraction of the dipolar coupling, leading to longer
dephasing times.6 REDOR curves were checked for spin diluteness (and hence ready
fitting by an analytical expression) and for conformance to the model of dynamics
extracted from the

19

F CSA. All models were generated using the SIMPSON/SIMMOL

NMR simulation package.22,23
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Figure 4.7. Guest methyl-position REDOR. Atom marked with star was analyzed using
data acquired with the unshifted REDOR experiment. The nearest fluorine (5.59 Å) is the
one colored cyan; the next nearest (7.80 Å) is directly below, colored blue. Inclusion of
the “blue” fluorine perturbed the REDOR curve, indicating the system is not spin dilute.
The experiment did not fit well to the rigid model for either the 2 or the 3 spin case, but it
did fit to the 3 spin simulation when dynamics were considered. To do so, the coupling
to the cyan fluorine atom was scaled by 74%. To compute a scaling factor for the blue
fluorine, we calculated that it would move laterally by up to 3.9 Å (assuming the methyl
group of the guest molecule was anchored, and the molecule swept out a cone with a half
angle of 35º). This lateral offset, and the crystal-structure derived distance between the
star-marked carbon and the blue fluorine, suggested the vector between them occupied a
cone with a half-angle of 26º. Accordingly, the coupling to the blue fluorine atom was
scaled by 85%.
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Figure 4.8. Host hydroxide-bound carbon REDOR. Atom marked with star. Other
carbon sites in the inclusion compound become increasingly difficult to model with the
same degree of detail, as more spins become relevant and the influence of the compounds
dynamics more difficult to address. Still, the details are roughly in keeping with the
model where the crystal structure reflects the average position of the atoms and the guest
molecule moves within a 35º cone. Consider the case of the host carbon bound to the
hydroxide group. REDOR simulations based on the crystal structure show that the
system is not spin dilute; the simulation with only the nearest fluorine(cyan, 5.86 Å)
considered differs from that where sequentially more of the next-nearest neighbors (blue,
7.96, 8.57 and 9.68 Å) are included; the curve for the five spin rigid-limit spin system is
shown. However, when the strongest of these couplings (to the cyan-colored fluorine) is
attenuated by a geometrically-derived factor similar to that discussed for the guest methyl
peak, the resulting simulation agrees well with the experimental data. A more
complicated model was not considered, as the demonstrated lack of spin-diluteness
precludes use of the site as an effective REDOR standard.
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CHAPTER 5
CONCLUSION

5.1 Bacterial Chemotaxis
At present, there are two models of how the components of the chemotaxis
signaling complex come together: the hedgerow model and the trimer-of-dimers model.
Both of these predict that the cytoplasmic tips of receptors form intimate contacts, albeit
in different ways. Chapter Two of this thesis describes experiments we devised to
distinguish between these two models, by selecting a diagnostic distance and measuring it
with solid-state NMR. To our surprise, the results are consistent with neither of the
models. They suggest, instead, that the cytoplasmic tips of the receptors are fairly distant
from one another. In this final chapter I would like propose a new model which is
consistent with both this result and the large body of published research, as well as some
further experiments to test such a model.
The crux of this model is that receptors do participate in a trimer-of-dimers
interaction, but only some of the time. Specifically, we have shown that the trimer-ofdimers arrangement is not the CheA-activating conformation; it may instead correspond
to the conformation that can be methylated by CheR. In this proposed model three
receptor dimers are surrounded by three dimers of CheA and CheW. When the receptors
contact one another at the cytoplasmic tip, they are methylatable, and do not activate
CheA kinase activity. The receptor-trimer-of-dimers interaction is lost when the receptors
straighten at a proposed hinge site and interact with the surrounding CheA and CheW
molecules, thus forming the kinase-active state. The complex is held together by higherorder interactions between CheA and CheW; these CheA-CheW interactions hold the
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soluble proteins together in a large two dimensional array, which is kept in the vicinity of
the receptors by a relatively few receptor-CheW interactions even in the predominately
kinase-off state.

5.1.1 Evidence for existing models
Before elaborating on this model, I will first review the two existing models and
their relative strength and weaknesses. Of the two, the trimer-of-dimers model has
received the most attention and been the most extensively tested. The evidence in support
of this model includes the following: observation in the crystal structure 1QU7,
consistency with whole-cell electron microscopy studies, the effects of mutations made in
the purported interaction face, and the reactivity of the receptors to a trifunctional
crosslinking agent designed to bridge the interface.
Observation of the trimer-of-dimers contacts in the crystal structure of isolated
cytoplasmic fragments of the receptor is the most straightforward.1 The nature of the
contacts are shown in Figure 5.1. The next line of evidence is electron micrographs
recorded in whole cells. Micrographs of signaling arrays have been recorded for a large
number of bacterial species, and consistently show the same organization.2 Viewed from
a perspective perpendicular to the membrane normal, slices through a tomographic
reconstruction have the appearance shown in Figure 5.2. Vertical striations correspond to
the chemoreceptors; these extend down from the lipid membrane to a dark “baseplate” of
density that corresponds to an extended CheA/CheW array. Figure 5.3 shows another
view of the same signaling array; this time the perspective is parallel to the membrane
normal, looking down from the membrane-proximal side. The view is taken through a
slice immediately “above” (i.e., membrane-proximal) of the CheA-CheW baseplate.
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Regions of empty space, white in the micrographs, are seen arranged in a hexagonal
pattern; the spacing from the center of one hexagon to another (blue stars) is reliably 12
nm, and conserved across species. The dark areas surrounding these hexagons correspond
to the space occupied by chemoreceptors. As the authors of the original paper point out, a
trimer-of-dimers can be effectively modeled into each vertex of these hexagons (blue and
red silhouettes).2 However, this regular hexagonal packing is only present near the
CheA-CheW baseplate. As the “slice” through the signaling array is moved away from
the baseplate and closer to the membrane, the regular hexagonal packing quickly
deteriorates.2

Figure 5.1. The trimer-of-dimers structure as seen in the structure 1QU7.
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Figure 5.2. Electron micrograph of chemotaxis signalling array viewed from a
direction perpendicular to the bilayer normal. The white line marked by arrows
indicates the region containing chemoreceptors. Reprinted from Briegel et al., with
permission of the National Academy of Sciences.2

Figure 5.3. Electron micrograph of chemotaxis signaling array viewed from along
the bilayer normal. Blue and red markings indicate the footprrints of a receptor trimerof-dimers. Blue stars mark the hexagonally packed voids between receptors, spaced 12 Å
apart. Reprinted from Briegel et al., with permission of the National Academy of
Sciences.2
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The trimers-of-dimers model is also supported by extensive biochemical data. The
Parkinson lab has found mutational patterns that suggest an interaction between the
cytoplasmic tips of receptors that is consistent with the receptor contacts observed in the
crystal structure. Cells with certain mutations in the cytoplasmic tip of their serine
receptors lose chemotaxis not only against serine, but against aspartate as well.3,4
Moreover, receptor arrays poisoned in this way can be rescued by a second set of
mutations to the aspartate receptor, some of which restore chemotaxis not only to
aspartate, but also to serine.3 The mutations that conferred these characteristics were
always found to be at or near the proposed trimer-of-dimers interface, suggesting that this
face is important in receptor-receptor contacts.
Lastly, receptors react with a tri-functional crosslinking reagent (Tris-(2maleimidoethyl)amine, or TMEA) in a manner that is consistent with the trimer-ofdimers contacts observed in the crystal structure. Cysteine mutants were made in the
receptor at a residue (S364 in the aspartate residue) predicted to face toward the trimer
center, and to lie ~10 Å apart from the corresponding residue on a neighboring dimer in
the trimer. TMEA is designed to crosslink cysteines within 10 Å of one another. When
exposed to this cell-permeable crosslinking agent, bacteria expressing the mutant
receptors gave a mixture of receptor monomers, dimers, and trimers.5 This crosslinking
occurred even in the absence of CheA and CheW, and the extent of crosslinking was
found not to be altered by the co-expression of CheA and CheW. However, coexpression
of CheA and CheW did slow the rate of exchange of dimers between different trimers.
(This was found by inducing the expression of a crosslinkable serine receptor in cells that
already contained crosslinkable aspartate receptors. Mixed dimers can be resolved by
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SDS-PAGE and so the exchange of newly synthesized serine receptors into pre-existing
aspartate receptor trimers can be followed.)6
The hedgerow model, on the other hand, has fewer but still certain key merits.
The principle lines of evidence supporting this model are: 1) observation of the proposed
receptor-receptor contacts in the crystal structure 2CH7, and 2) a plausible mode of
interaction between the receptors and the CheA/CheW molecules. This model was
proposed by the laboratory of Brian Crane in a paper that reported two new crystal
structures.7 The first is 2CH7, which shows the receptor fragments packed in the
eponymous “hedgerows”. The second is 2CH4, which showed the interaction between
CheW and the CheA domains P4 and P5. The asymmetric unit of 2CH4 contains two
molecules of CheA and two molecules of CheW. One CheA/CheW unit is suggested by
the authors to be non-physiological, as it occludes the surface of CheA where the CheA
P3 domain is thought to pack. The other CheA-CheW dimer, however, is suggested to be
physiologically relevant. By superimposing this CheA/CheW unit (2CH7 chains B and
Y) on a previously solved8 structure for the CheA P3-P4-P5 domains, the authors
generated a symmetrized CheA-CheW dimer. This symmetrized dimer is shown in Figure
5.4. The authors of the original paper found this to be intriguing, as the CheW molecules
form a channel just wide enough to accommodate a receptor dimer cytoplasmic tip.7 They
suggest that one, two, or even three receptor tips could interact with this CheA-CheW
dimer. Figure 5.5, taken from their paper, shows the case with two receptor dimers.
Yellow residues in this figure show residues implicated in receptor-CheW interactions,
either by genetic repressor studies or by binding assays.9-11 Red residues are sites where
identified mutations give rise to dominant-negative CheW molecules (ie those that
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suppress chemotaxis even in the presence of wild-type CheW).10 These show the
plausability of the interaction mode.

Figure 5.4. Symmetrized CheA/CheW dimer. Domains P3, P4, and P5 are yellow,
green, and blue, respectively; CheW molecules are red. CheA chain A and CheW chain Y
are in primary colors; CheA chain B and CheW chain W are in pastels. The view at right
is rotated 90° from that at left.

Figure 5.5. Symmetrized CheA/CheW dimer with two receptor fragments inserted
in the cleft between CheWs. P3 is dark blue; P4, light grey; P5, dark grey; receptor
fragments, magenta. Reproduced by permission from Macmillan Publishers Ltd: Nature
Structural & Molecular Biology 113 (5), 400-407, copyright 2006.
The authors of the hedgerow model then speculate that these interactions might
give rise to the signaling array; linear hedgerows of receptors would give rise to the
interactions in one dimension, while CheA-CheA interacts in a roughly orthogonal
direction would stabilize the array in the other dimension.7 However, such a model is
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difficult to reconcile with the electron microscopic studies that have since been
performed, which, as discussed earlier, show hexagonal packing for the signaling arrays.2
In this same paper, the authors explicitly considered the alternate option: the case
of a receptor trimer-of-dimers being surrounded by three of the symmetrized
CheA/CheW dimers. Their figure showing this possibility is reproduced here as Figure
5.6.7 They dismissed this idea because, they say, the receptor trimer is too small. If three
CheA-CheW dimers are arranged around a central point, they leave a cavity where a
receptor trimer could be placed. However, a trimer-of-dimers placed in this cavity can not
contact more than one of the central CheW molecules, because it is too small to bridge
the distance between them.
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Figure5.6. Three CheA/CheW dimers around a receptor trimer-of-dimers. .
Reproduced by permission from Macmillan Publishers Ltd: Nature Structural &
Molecular Biology 113 (5), 400-407, copyright 2006.

5.1.2 The new model and its consistency with existing evidence
In the model I am proposing here, however, a structure similar to the one shown
in Figure 5.6 is relevant to chemotaxis signaling. It represents the state, favored by
attractant binding, in which CheA's kinase activity is suppressed, and the receptors
themselves are subject to methylation by CheR. The kinase active form would be
generated by having the receptor dimers lose their trimer-forming contacts and swing out
to instead contact the CheW molecules. This is an exciting possibility, as it explains a
recent biochemical finding: namely, that receptor mutations that favor kinase activity
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disfavor methylation activity, and vice-versa.12 This could readily be explained by the
model as stated here, if said mutations had their effects by biasing between the two
conformations.
Figure 5.7 shows a model of the proposed kinase-off conformation, presented
much as it is in the from the paper by Park et al.7 Receptors are shown in magenta, CheW
molecules in cyan, and CheA domains P3, P4, and P5 in cyan, light grey, and dark grey
respectively. Importantly, the ring of CheA/CheW dimers around the receptor trimer-ofdimers is more tightly packed than that proposed by Park et al.; this is made possible by
simply rotating the CheA/CheW dimers around an axis running through the P3 domains.
The ring is held together principly by contacts between CheA P4 domains.
Residues shown as spheres are those identified by Liu and Parkinson, in their
genetic suppressor scans, as those most likely to be in direct contact.10 Magenta spheres
are E. coli serine receptor residues 402 and 374; cyan spheres are T. maritima CheW
residues 101 and 98 (which correspond to E. coli CheW residues 108 and 105). These are
a subset of the implicated contacting residues that are colored yellow in Figure 5.5.
Examination of the structure shows that the central cavity of the CheA/CheW ring,
though smaller than that proposed by Park et al., is still too large for the receptor tips to
contact the relevant CheW sites.
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Figure 5.7. Proposed structure for the kinase-off state of the signaling complex.

Figure 5.8. Proposed structure for the kinase-on state of the signaling complex. A
15° pivot around the glycine hinge (black) brings the receptor in contact with CheW.
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The black spheres shown in one receptor dimer are the “glycine hinge” identified
by Coleman et al. (residues 338,339, and 437): these are a band of glycine residues that
encircle the receptor ~75 Å from the cytoplasmic tip.13 They confer flexibility to the
helical bundle, causing it to bend by ~15° at this spot; they are conserved across species
and disrupt chemotaxis when mutated.13 Figure 5.8 shows the effect of rotating the
bottom portion of the receptor dimer by 15° around a pivot point set at the glycine hinge.
This relatively small perturbation to the receptor structure is sufficient to bring the
receptor into contact with CheW in a manner consistent with that proposed by Park et al.
and capturing the interactions proposed by Liu et al. based on suppressor mutations.10
All three receptor dimers could make the same change, contacting all three CheA-CheW
dimers and disrupting the trimers-of-dimers contacts seen in the structure 1QU7. In the
model I am proposing here, this would constitute the kinase-active conformation of the
signaling array. The receptor arms swinging back toward the center, to reform the trimerof-dimers structure, would constitute the kinase-off event (favored by ligand binding or
receptor demethylation). This is consistent with the fact that CheA is inactive in solution,
when it makes no receptor contacts, but becomes active upon binding to receptor.14
Moving a single dimer in this way also causes the carbonyl carbon of its residue
372 to be separated from the phenylalanine sidechain of residue 373 of the nearest dimer
by 23 Å; this is consistent with the REDOR results described in Chapter Two, in which
the only observable (i.e., <10 Å) carbon-fluorine distance was the intramolecular, 8.8 Å
distance. Moving all three dimers in a trimer would lead to even longer distances.
Because the receptors make no contacts with the CheA or CheW molecules when
they are in the kinase-off state, higher-order interactions among CheA and CheW are
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required in order to keep the signaling array intact. The general packing of these
components, as proposed here, is shown in Figure 5.9; the view is looking down from the
membrane toward the cytoplasm. The color scheme for the proteins is as in Figures 3 and
4; the large red spheres are separated from one another by 12.0 nm, and were added as
markers of the lattice dimensions. This lattice was generated by taking the ring of
CheA/CheW dimers shown in Figure 5.7, duplicating it, and translating it. The translation
was done so that the P4 dimers that point away from the receptors in Figure 5.7 come into
contact with the P4 domains from two neighboring rings of CheA/CheW dimers. The
result is another ring of P4 dimers, similar to that shown at the center of Figure 5.7, over
which another receptor trimer-of-dimers can pack. The receptor trimers-of-dimers are
arranged trigonally; the angle defined by any timer-of dimers and two of its nearest
neighbors is 120°. Consequently, the gaps between them are arranged hexagonally; the
angle defined by a given gap and any two of its nearest neighbors is a multiple of 60°.
Each receptor trimer-of-dimers is surrounded by three of the symmetrized CheA-CheW
dimers; each CheA -CheW dimer is shared between two receptor trimers, providing
contacts to the next point of the grid. This packing is demonstrated schematically in
Figure 5.10, where each CheA-CheW dimer is represented as a blue line, and each
receptor trimer-of-dimers is represented as a magenta triangle.

94

Figure 5.9. A section of the extended signaling array.

Figure 5.10. Schematic of packing interactions in the extended signaling array.
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In the receptor arrays in whole cells observed by electron microscopy, receptor
voids are packed hexagonally and spaced by twelve nanometers. The large red spheres in
Figure 5.9 are separated from one another by 12.0 nm, and can be positioned roughly
over the tops of the gaps in receptor packing; this is consistent with the electron
microscopy result. If a grid such as the one shown in Figure 5.10 has 12.0 nm spacings,
then it can be shown by simple geometric arguments, that the spacing between vertices is
8.5 nm. The receptors shown in Figure 5.9 were placed by hand over the tops of P4
clusters (pointing the appropriate CheW residues) after the CheA/CheW array was
generated; therefore, their placement is not mathematically precise. However, the average
distance measured from an atom in one trimer-of-dimers to the same atom in the trimerof-dimers directly across from it is 17.18 nm. If the trimers-of-dimers are truly at the
vertices of a hexagonal grid, then half this distance should yield the average distance
from a trimer-of-dimers to its nearest neighbor. The resulting value of 8.9 nm is in good
agreement with the predicted value, considering the resolution of the EM pictures and the
hand-built nature of the array.
The agreement of this model with the electron microscopy experiments can also
be seen in Figures 5.11 and 5.12. Recall that the observed hexagonal ordering was
present only near the CheA-CheW baseplate, and not in slices through the signaling array
taken nearer to the membrane.2 Figures 5.11 and 5.12 show a slices taken through the
model signaling array shown in Figure 5.9, first immediately above the CheA-CheW
baseplate (5.11) and then closer to the membrane (5.12). From this it can be seen that the
model predicts well-ordered hexagonal density close to the CheA-CheW baseplate.
However, due to the splay in the receptors, packing becomes less well defined nearer to
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the membrane. Without a high degree of resolution and contrast, the protein density
shown in Figure 5.12 would appear as a uniform blur.

Figure 5.11. Slice through the proposed packing array, immediately above CheACheW baseplate.

Figure 5.12. Sliced through the proposed packing array, taken further from the
CheA-CheW baseplate.
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This model is also consistent with the biochemical evidence for the trimers-ofdimers model. The suppressor mutations found between serine and aspartate receptors
suggest that they contact one another at the cytoplasmic tip. They do so always in the
trimer-of-dimers model; in this new model they do so only transiently, but the
conformation in which they do contact one another is one of the two important
conformations involved in signaling. In the paper in which they identified many of these
suppressor mutations, Ames & Parkinson concluded that “suppression most likely occurs
through compensatory changes in the conformation or dynamics of a mixed receptor
signaling complex, presumably based on trimer-of-dimer interactions.”3 In the model
presented here, the specific conformations in question are the trimers-of-dimers and the
straightened, CheW-contacting form, and the relevant dynamics are the transition
between the two.
Lastly, this model is also consistent with the trifunctional crosslinking data, as the
receptor dimers do occasionally sample the conformation targeted by the TMEA
crosslinking agent. In fact, this model might help to explain one of the more puzzling
aspects of the crosslinking work—namely, why relatively few trimers are formed. If all
receptors were sitting around in pre-existing trimers-of-dimers with the right
conformation to react with TMEA, one would expect that the third crosslinking reaction
would be the fastest (due to the TMEA molecule being held in the reactive orientation by
the other two, already-crosslinked dimers). Instead, the number of trimers formed by the
addition of TMEA is significantly less than the number of dimers.5,6 This could be readily
explained by the model proposed here, where chemotaxis is mediated by maintaining a
balance between the kinase-activated, non-trimers state and the kinase-inactived, TMEA
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crosslinkable state. It is also consistent with the fact that the addition of CheA and CheW
slow the exchange of dimers between different trimers,6 since the CheA and CheW form
a ring around the trimers that would slow lateral diffusion. One would expect from this
model, however, that the addition of CheA and CheW would lower the total amount of
crosslinking, which was not observed.6 This may indicate that receptor trimers sample the
non-contacting, kinase-activating-like conformation even in the absence of CheA and
CheW; this would be consistent with the small interaction surface and predicted modest
energies associated with trimer formation.
The model shown in Figure 5.9 predicts a signaling complex stoichiometry of 2
receptor monomers: 1 CheA monomer : 1 CheW monomer. Different experimental
measurements of stoichiometries have yield different values, but these numbers are in
reasonable agreement with at least one such study; Li and Hazelbauer placed the ratio of
proteins in whole cells at 1.7 receptor monomers : 1.0 CheA monomers : 0.8 CheW
monomers.15

Small deviations of the whole-cell stoichiometries from the model-

predicted values are very readily explained. An excess of CheA or CheW could be the
result of the cytoplasmic pool of the protein not integrated into signaling arrays. A small
excess of receptors can also be understood; even if some receptor in the membrane
remains unbound to CheA and CheW, a sufficient number of CheA-CheW signalling
units to promote effective signaling may still be present. In fact, having an excess of
receptor may provide a way to dynamically recruit more CheA-CheW units into the array
as needed, in order to modulate the array sensitivity or cooperativity as needed.
In PEG assembled samples described here, explaining the stoichiometry is more
problematic: these samples contained a relatively large excess of receptor, as predicted by

99

the model. As the receptors are not bound to membranes in these samples there is no
immediately apparent reason for them to cosediment with the signaling complex if they
are not forming CheA-CheW contacts. I believe the answer can be found in electron
micrographs of our samples, kindly provided by Drs. Gongpu Zhao and Peijun Zhang of
the University of Pittsburgh (Figure 5.13). The striated structures seen in Figure 5.13 may
represent two signaling arrays packed back to back. In this interpretation of the electron
density, the heavy bands at the edges of the structure represent the CheA-CheW
baseplate. The larger regions of increased electron density, in the center region of the
signaling array, is due receptor overlap caused by interdigitation of the parts of the
receptor that are most distant from the CheA-CheW baseplate (i. e., the portion that
would be closest to the membrane). This is obviously a non-native interaction, but
springs from the nature of the array: CheA and CheW are densely packed but the
receptors have large gaps between them, so at the baseplate-distal end they present a
knobs-into-holes sort of morphology that could encourage interdigitation. This would
provide receptors an opportunity to incorporate into the signaling array even if there were
not enough CheA and CheW to bind them. That we found this to be the optimal
stoichiometry for kinase activity could be due to the relatively sparse way in which the
receptor-CheA-CheW stoichiometry matrix was sampled when optimizing the sample
activity. Future, more careful experiments with a higher-throughput assay might identify
a different kinase-optimal stoichiometry lying closer to the predicted 2 receptor : 1 CheA
: 1 CheW ratio.
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Figure 5.13. Electron micrograph of PEG-promoted assemblies of CheA, CheW,
and receptor cytoplasmic fragment. Note striated structures at center and lower
right. Scale bar is 20 nm.

5.1.3 Future tests of the model
The surest test of this model would to be to structurally characterize the two
conformations it predicts. The most stable of the two conformations is the kinase-active
one, as it involves the most interactions between CheA, CheW, and receptors. In the limit
of the other state, the totally kinase-off arrays, there would be no contacts between
receptors and the CheA-CheW baseplate; the two layers (ie, the first layer formed by
receptors and lipids, and the second layer formed by CheA and CheW) would have little
reason to associate. Therefore I recommend using receptors with mutations that lead to
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CheA hyperactivation as a means of obtaining stable, structurally homogenous arrays of
the kinase-on state. The kinase-off state, by contrast, will be more difficult to characterize
in detail. However, the biochemical data already provides some evidence for the nature of
this conformation: the availability of a high-resolution structure of the kinase-on state
would likely help to interpret this evidence in even further detail.
Chapter two provides a case study of the power of solid-state NMR in studying
systems of this sort. I propose extending this approach to identify the receptor-CheW
interface and see if it is consistent with the model. This could be done using a
multidimensional version of REDOR, known as FRESH,16 which allows one to measure
several nitrogen-fluorine distances at once. Phenylalanine 373 sits near the predicted
interface of CheW and the receptor, and so the same receptor labeling used in chapter two
could provide the label on the receptor. CheW has assigned chemical shifts,17 and so
unambiguous assignment of the different distances can be made if uniformly N, C labeled
CheW provides the labels on CheW. Furthermore, CheW contains no cysteine residues.
This enables a further refinement of the experiment. The receptors used in this
experiment could incorporate a 13C-15N labeled cysteine that would be identifiable on
the basis of its chemical shift. If the mutation A377C were used, this would benefit the
experiment in two ways. First, this mutation is hyperactivating and so should help
stabilize the array.12 Second, it could provide information about the receptor-receptor
packings at the same time that the receptor-CheW interface is probed. Much like the
A37C mutation used in Chapter Two, it is predicted by the crystal structure 1QU7 to lie
closer to the para-fluorophenylalnine label on a neighboring receptor dimer than to the
fluorine-labeled residue on the same monomer As such, it distinguishes the trimer-of-
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dimers seen in the crystal structure from the “spread out” trimer that I here propose is the
kinase-activating form. In this way, both sides of the receptor dimer could be monitored
at once, and the same NMR experiment would determine the CheW interface while
simultaneously checking for trimer-of-dimer interactions.
Alternately, Xray crystallography could be used. These signaling arrays show a
propensity to self assemble in two dimensions, and to some degree in the third as well.
Using a hyperactivating receptor mutant, as stated, should increase the stability of the
structurally homogenous, kinase on state. Identifying a 2:1:1 model for the fully saturated
(and so most likely to crystallize) structure, independent of the stoichiometry actually
observed in the cell (which is likely not maintained in saturated conditions, so that it can
respond to external stimuli) should aid in this effort as well.
Electron microscopy on whole cells provides another promising route to structural
characterization. The studies performed so far have used wild type receptors.2,18 This
reflects more accurately the actual conditions inside the cell. However, it is not conducive
to obtaining high-resolution structural information. By manipulating the cells to give
more ordered structures that are amenable to structual analysis, one might obtain higherquality information about the structure of the signaling array in the limit of its most
kinase-active state. While not derived directly from the functionally relevant sate—the
signaling complex must achieve a balance between the kinase-on and kinase-off states to
effect chemotaxis—still the insight obtained from this limiting structure would be very
valuable. Hyperactivating mutants might be used to induce this order, and so achieve
higher resolution in electron microscopy studies. Also, overexpressing the receptors,
CheW, and CheA might lead to larger patch sizes and so better analysis. (Studies have
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shown that overexpressing all three proteins in appropriate ratios maintains chemotactic
ability, so objections about the expression level need not be raised).18 Lastly, the addition
of antibiotics (such as cephalexin) that inhibit cell division could be added to grow longer
cells.19 In the limit of high overexpression, structurally homogenous arrays, and divisionincompetent cells, it might be possible to turn live cells in to tubular protein-and-lipid
crystals of the sort used to solve the structure of the acetylcholine receptor.20
Lastly, I propose one fluorescence experiment to test the validity of this model.
Receptors have previously been reconstituted into nanodiscs at various protein
densities.21 It was found this way that the minimal number of receptors per nanodisc
needed to elicit CheA activity was three. This was taken as evidence that the kinaseactivate state was a trimer-of-dimers. The model presented in this paper argues that
receptor trimer contacts are not nescessary for activating CheA, and instead inhibit it. The
model presented here would argue instead that the deciding factor is the number of
CheA-CheW dimers in an array—that at least three such need to come together. This
would argue that the reason three receptors are needed per nanodisc in order to bind to
and stabilize the collar of CheW and CheA that surround them. I propose to check for this
by fluorescently labeling CheA and doing “single molecule” experiments to see how
many CheA molecules bind to a single nanodisc. (“Single molecule” in this case refers to
single nanodisks, which of course contain several molecules.) The number of bound
CheAs bound could be determined by measuring the fluorescence intensity from a spot
determined to hold a single nanodisc; labeling the receptors with a different fluorescence
tag would enable quantification of both the receptor and CheA independently. Activity of
individual nanodiscs could be measured by adding substrates of the enzyme-coupled
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reaction and looking for depressed A340 in the region surrounding the nanodisc in
question. (Viscosity could be adjusted as necessary to limit diffusion.) If only those
nanodiscs binding three CheA molecules had activity, it would be strong support for the
sort of binding ineraction proposed here.

5.2 NMR methods development
5.2.1 Preservation of protein samples during solid-state NMR
The work presented in Chapter Two shows that solid-state NMR can be a
powerful tool for gathering structural information about proteins. It does not demonstrate
how challenging such experiments can be. The instrument itself subjects the samples to
influences which may degrade the sample being investigated. We took pains to address
these issues when performing REDOR experiments on chemotaxis signaling arrays; in
doing so we gained insight into the particular forces that denature proteins, and devised
new methods to identify and correct these problems.
methods as a practical hand guide of sorts.

Chapter Three reports these

We investigated the interplay of

electromagnetic radiation and salt concentration as a function of the cryoprotectants used
in the sample. This leads to a rule of thumb that can help one start a solid-state NMR
investigation under conditions that are likely to preserve the sample over the course of the
experiment.

Furthermore, we developed methods that let one test a given set of

conditions empirically: by measuring NMR-induced heating in dummy samples, and
using small-scale biochemical assays to check for freezing damage, one can predict
whether a protein will survive the measurement without having to sacrifice a costly
samples. Lastly, the modular nature of these experiments facilitates troubleshooting
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problematic proteins; by distinguishing between freezing, spinning, and electromagnetic
induced denaturation, one can intervene in the appropriate manner.
The methods described in Chapter Three also suggest some further experiments,
which could be carried out to investigate new and better strategies for protecting protein
samples against spectroscopic denaturation.

Particularly interesting is the finding,

derived from the time-resolved TCUP-REDOR experiments, that poor heat removal
influences sample heating just as much as excessive heat absorption.

It would be

interesting to determine whether increased volumes of cooling gas could substantially
alter the steady-state temperature of samples under pulse load. This is may be somewhat
problematic; there is a tradeoff between the minimum temperature a chilling device can
attain, and the flow rate of air through it. (At some point, also, increasing cooling gas will
interfere with sample spinning.) Tandem use of chillers could serve to increase the
cooling capacity, though, and the facilities at UMass have an additional chiller that could
be used temporarily to investigate this. If the gains in sample protection were substantial,
it might well justify the expense of an additional chiller not only in our lab but in other
solid-state NMR facilities as well. One might also, with some machining expertise,
investigate whether simple alterations to sample rotors could improve their heat handling
capacities. There are literature reports of using custom rotors carved from sapphire,
which has the high strength and low electrical conductivity needed for NMR rotors while
also exhibiting a much higher thermal conductivity than more standard rotor materials.22
The literature claims that this improves the heating properties of samples in the rotors,
but offers no data suggesting as much.22 The methods to investigate such claims in depth,
using TCUP pulse programs, are described in Chapter 3.
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Additionally, one could

consider changing the shape of the rotor. Adding thin pins or vanes to the smooth,
hollow cylinder commonly used could substantially improve heat exchange from the
sample to the surrounding gas. For instance, a thin sliver of sapphire could be attached to
the rotor top cap, so that when the cap is attached the sliver inserts into the rotor, along
the central axis; this would provide a means to wick heat away from the center of the
sample, where heat exchange is presumably most difficult. Again, the use of TCUP pulse
programs would be very useful in evaluating the performance of these or any other such
efforts at redesigning NMR instrumentation for improved heat handling capabilities.

5.2.2 13C-19F REDOR calibration compound
Lastly, the REDOR calibration compound described in Chapter Four
represents a significant improvement to the field of solid-state NMR. Carbon-fluorine
REDOR fills a critical niche in the field of structural biology. It is effective over longer
distances than other NMR experiments, and the lack of 19F in natural proteins allows it to
be used in cases where spectral crowding precludes the use of other techniques.
However, its effectiveness has been difficult to validate due to the unique qualities of
fluorocarbons. The lack of stable fluorine isotopes other than

19

F, combined with the

tendency of fluorocarbons to phase-partition from their corresponding hydrocarbons,
makes it difficult to obtain carbon-fluorine pairs that are sufficiently isolated to be
considered independently.
The fluorotoluene-calixarene inclusion described in Chapter Four sidesteps these
problems by using the matrix of host molecules to physically isolate the carbon-fluorine
spin pairs within the guest molecules. This compound is easily made from commercially
available materials. It increases confidence in distance constraints obtained by carbon107

fluorine REDOR; it can directly test the accuracy of measurements up to 4.1 Å, and can
readily be extended (by using “shifted” REDOR experiments that recouple smaller
fractions of the 13C-19F dipolar coupling) to the measurement of longer distances. Lastly,
it increases the speed with which routine setup experiments can be performed, allowing
more efficient use of spectrometer time.
One shortcoming that the compound does have arises from its dynamic nature,
which attenuates the chemical shift anisotropy of the fluorine nucleus.

This is

undesirable because it does not provide the most stringent possible test of a REDOR
experiment. The chemical shift anisotropy of the fluorine leads to a spreading of its
resonant frequencies; thus, to excite all the spins uniformly, substantial bandwidth is
required in the applied pulses. In the calibration compound described, this requirement is
relaxed by motional averaging of the anisotropy. A more stringent test of the REDOR
technique would use a compound with the full chemical anisotropy typical of a fluorine
nucleus. This could be achieved by using an analog of the reported compound which has
reduced mobility.

A likely candidate would be the inclusion compound of tert-

butylcalix[4]arene with fluoromesitylene (CAS 392-69-8).

This compound is

inexpensive and commercially available. It is analogous to paraflurotoluene, but with the
addition of methyl groups at the two sites ortho to the fluorine substituent. These methyl
groups would likely interact with the butyl groups of the calixarene host, interfering with
rotation of the guest about its axis of symmetry and so preserving the full value of the
fluorine chemical shift anisotropy.
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APPENDIX A
CLARIFICATION OF ASPARTATE RECEPTOR FRAGMENT
QUANTITATION
Asp receptor cytoplasmic fragments were pure by SDS page; however, isolated
CFs consistently contained a proteolysis product running at a slightly lower molecular
weight. The believed is believed to be from the his-tagged N terminus, based on the poor
pelleting of the product by lipid vesicles; mass spectrometery indicates the fragment is
~1900 Dalton (~16 residues) smaller than the intact CF. This complicated quantification
of the CF concentration somewhat. In all assays described, the “effective” receptor
fragment concentration is 49 uM.

For assays containing PEG and trehalose, the

“effective” concentration refers to the total cytoplasmic fragment, as both the intact and
proteolyzed portions pellet effectively. For assays in which templating vesicles are the
promoters of complex formation, the “effective” concentration is taken to be that of the
intact CF, as the proteolyzed fragment does not bind effectively (as measured by SDSPAGE of a centrifuge pellet).
The SDS-PAGE gel in figure 6.1 shows a pelleting assay where the percentage of
PEG 8000 in the buffer was varied. Lanes marked T are aliquots of the total sample;
lanes marked S are taken from the supernatant following ultracentrifugation. Lanes are
marked with the percentage of PEG 8000 (w/v) that was present in the sample.
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Figure 6.1. Protein pelleting as a function of PEG concentration.
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APPENDIX B
DESCRIPTION OF ADDITIONAL FILES

7.1 Closest approach calculations
Chapter Two describes how to generate a volume-of-closest-approach
surrounding the labeled carbon in our REDOR experiments.

The additional file

submitted with this thesis, closest_approach_calculations.zip, contains all of the files
needed to perform this type of analysis; they are presented as a guide to those who might
perform a similar task in the future. The file “0.-1_EXPLANATION_OF_FILES.doc”
contains detailed instructions about using the other files within the .zip archive.

7.2 Pulse Programs
Key pulse programs used in this research are presented for use and reference. All
are for use on Varian instruments using the Spinsight software. The files need to run the
REDOR pulse program are contained in REDOR_pulseprogram.zip. The files for TCUPREDOR are contained in TCUP_REDOR_pulseprogram.zip.

7.3 3-nitro-4-fluorotoluene inclusion compound
The inclusion compound of 3-nitro-4-fluorotoluene with t-butylcalix[4]arene was
also investigated as a potential REDOR calibration standard, but it proved to be less
useful. Those who wish to examine it further can find REDOR data and an X-ray
crystallographic

structure

for

this

nitrofluorotolene_calixarene.zip.
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compound

within

the

file
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